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Abstract
A comprehensive radiative transfer model for the coupled atmosphere-sea ice- 
ocean system has been developed. The theoretical work required for constructing 
such a coupled model is described first. This work extends the discrete ordinate 
m ethod, which has been proven to be effective in studies of radiative transfer 
in the atmosphere, to solve the radiative transfer problem pertaining to a system 
consisting of two s tra ta  with different indices of refraction, such as the atmosphere- 
ocean system and the atmosphere-sea ice-ocean system. The relevant changes (as 
compared to the standard problem with constant index of refraction throughout the 
medium) in formulation and solution of the radiative transfer equation, including 
the proper application of interface and boundary conditions, are presented.
This solution is then applied to the atmosphere-sea ice-ocean system to study 
the solar energy balance in this coupled system. The input param eters required by 
the model are observable physical properties (e.g., the profiles of tem perature and 
gas concentrations in the atmosphere, and the profiles of tem perature, density, 
and salinity in the ice). The atmosphere, sea ice and ocean are each divided 
into a sufficient number of layers in the vertical to adequately resolve changes in 
their optical properties. This model rigorously accounts for the multiple scattering 
and absorption by atmospheric molecules, clouds, snow and sea water, as well as 
inclusions in the sea ice, such as brine pockets and air bubbles. The effects of 
various factors on the solar energy distribution in the entire system have been 
studied quantitatively. These factors include the ice salinity and density variations, 
cloud microphysics, as well as variations in melt ponds and snow cover on the ice 
surface.
Finally, the coupled radiative transfer model is used to study the impacts of 
clouds, snow and ice algae on the light transport in sea ice and in the ocean, as
iii
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well as to simulate spectral irradiance and extinction measurements in sea ice.
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C hapter 1
In trod u ction
Solar radiation exhibits much greater seasonal change in the polar regions than 
a t tem perate and tropical latitudes, ranging from no insolation during winter to an 
overall maximum during summer. Due to the co-existence of highly-reflecting sea 
ice and snow, and low-reflecting open oceans and melt ponds on the ice surface, as 
well as their constant variation in coverage, the net solar radiation at the surface 
also experiences great spatial and temporal variations. The surface albedo of sea 
ice is strongly correlated with the solar radiation because the melting processes are 
related to the absorption of solar energy. The wide spatial and seasonal variation in 
surface conditions enhances the variation in solar energy distribution in the polar 
atmosphere-sea ice-ocean system both temporally and spatially. Sea ice plays an 
im portant role for the radiative transfer in this system because it modifies the air- 
sea energy exchange by increasing the surface albedo and insulating the relatively 
warm ocean from the cold winter atmosphere. Since sea ice has a significantly 
higher surface albedo than open water, relatively minor changes in climate could 
produce large changes in the areal extent of the ice cover and could significantly 
affect the large-scale transfer of energy between the atmosphere and ocean. In 
some circumstances this might result in a positive feedback process that would
1
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2amplify the original change. On the other hand, the radiative forcing by clouds 
affects the extent, thickness and evolution of the sea ice. The atmosphere, sea 
ice and ocean interact both directly and indirectly with each other via radiation. 
The atmospheric structure, clouds, the sea ice state and the sea water below the 
ice determ ine the solar radiative energy distribution throughout the system as 
well as the radiative energy absorbed in the ice and transm itted into the ocean. 
Radiation absorbed within the sea ice can change the internal structure of the ice 
and consequently its optical properties. These changes result in an alteration of the 
radiative energy transm itted into the ocean and reflected back to the atmosphere, 
which, in turn , affects the stratification and circulation of the atmosphere and 
the ocean. These radiative interactions can also affect the sensible, latent, and 
conductive energy exchanges between the subsystems due to the variations in the 
tem perature and state of each layer. Because of the unique and im portant role 
played by sea ice in climate, we are thus obliged to devote considerable attention 
to it in modeling the radiative transfer in the polar system.
Most climate models have included some aspects of the thermodynamics of 
sea ice. Modern sea ice thermodynamic models, which are aimed at predicting 
the ice and snow thickness evolution, are based on the surface energy balance 
including the radiation energy. Results from such thermodynamic models clearly 
indicate th a t the equilibrium sea ice thickness is very sensitive to the amount 
of solar radiation impinging on the upper ice surface and its absorption in the 
interior of the ice [Maykut and Untersteiner, 1971; Semtner, 1976; Ebert and Curry, 
1993]. Adopting the three layer model of Semtner (1976), Shine and Henderson- 
Sellers (1985) investigated the sensitivity of the model to changes in surface albedo 
param eterization. They found that the increase in surface albedo with cloud cover 
can cause a doubling of ice thickness and that solar radiation codes in models must 
include the effect of cloud to ground multiple reflection, otherwise the surface net
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
flux will be significantly underestimated with serious effects on ice thickness and 
extent. Therefore, accurate determination of the surface radiation fluxes over the 
Arctic ocean is of particular importance and a radiation scheme is required that 
consistently and accurately predicts the radiative forcing, including the surface 
albedo and the absorption in the interior of the ice.
Lacking an extensive understanding of the optical properties of sea ice and a 
properly coupled radiative transfer model for the atmosphere-sea ice-ocean system, 
a consistent study of the radiative transfer in the polar atmosphere, snow, sea ice 
and ocean system has not yet been undertaken. However, numerous investigations 
of the radiation environment in individual subsystems have been done separately 
both in experiment and in theory. A brief review of these works will be given 
below.
The arctic atmosphere is characterized by persistent and prevalent low-level 
stratiform  clouds and wide spread and removal-resistant arctic haze. Due to the low 
solar elevation, radiative transfer in the polar atmosphere experiences long optical 
paths through absorbing trace gases. Measurements of the absorption of solar 
radiation and the optical depths of arctic haze were conducted during the Arctic 
Gas and Aerosols Sampling Projects in 1983 (AGASP I) and 1986 (AGASP II) 
[Valero et al ., 1984; 1988]. The influence of the haze on the radiation environment 
has also been investigated by several individuals [Shaw and Stamnes, 1980; Valero 
et al ., 1983; 1988, Tsay et al., 1989; Shaw et al., 1993].
The annual cycle of mean monthly fractional cloud cover in the central Arc­
tic shows a summertime maximum as high as 90% and a minimum of 40% to 
50% during winter (Huschke, 1969). The microphysical and radiative properties of 
summ ertim e arctic clouds were measured during the June 1980 Arctic Stratus Ex­
perim ent and described by both Herman and Curry [1984] and Tsay and Jayaweera 
[1984]. Modeling radiation in clouds has also been studied. For example, Wiscombe
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4(1975) presented a computational scheme for solar radiation under arctic summer 
stratus conditions, but the dependence of the radiative properties of these clouds 
on their microphysics was not considered. To examine the dependence of cloud 
radiative properties on cloud microstructure Tsay et al. [1983] compared the re­
flectivities and transmissivities of the arctic stratus clouds in the visible spectrum 
based on three different uniform models of the drop size distribution with those 
obtained by using the observed nonuniform distributions. Their results showed 
th a t the nonuniform nature of the cloud drop size distributions must be taken 
into account in model calculations aimed at predicting the radiative properties of 
such clouds. By using the solar radiation model described by Slingo and Schrecker 
[1982], Herman and Curry [1984] calculated the bulk radiative properties of the 
clouds (reflection, transmission and absorption) and their results agreed quite well 
with the values obtained during the Arctic Stratus Experiment. Adopting the dis­
crete ordinate method, Tsay et al. [1989] then developed a comprehensive radiation 
model and used it to simulate the downward and upward flux profiles measured 
during the Arctic Stratus Experiment. These results also showed good agreement 
with observations. Both the models developed by Slingo and Schrecher [1982] and 
by Tsay et al. [1989] parameterized the optical properties of these clouds in terms 
of their cloud liquid water content and equivalent radius, and included the scat­
tering and absorption by atmospheric molecules. The optical properties of Arctic 
Haze and snow were also parameterized in the model of Tsay et al. [1989].
Snow cover is one of the m ajor characteristics in the polar regions. Because of 
its high albedo and high emissivity, and therefore its importance in controlling the 
radiation energy budget, radiation in snow has also been studied quite extensively, 
especially the albedo. Time series of albedos show high all-wave albedos (75-90%) 
in late winter and early spring, dropping as snow melt begins to about 60% as 
indicated from measurements in both the Arctic [Langleben, 1971] and in the
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5A ntarctic [Weller, 1968]. The reduction of albedo due to snow aging has been 
documented for visible wavelengths by Grenfell and Maykut [1977] and for the 
near infrared by O’Brien and Munis [1975] as well as over the wavelength region 
from 0.4 to 2.5 (xm by Grenfell et al. [1981].
Measurements of the attenuation of solar radiation in snow have been reported 
by Weller [1969] and by Schwerdtfeger and Weller [1977], as well as by other 
investigators. The asymptotic flux extinction coefficient has been measured as a 
function of wavelength by Grenfell and Maykut [1977] and Kuhn and Siogas [1978]. 
A recent set of observed spectral albedos on the Antarctic Plateau [Grenfell et 
al., 1994] showed a uniformly high value of 0.96-0.98 across the UV and visible 
spectrum , which agrees with model predictions for clean snow (unpolluted snow). 
These spectrally-resolved measurements are better suited for testing theoretical 
models than are all-wave extinction measurements.
Radiative transfer in snow has also been modelled by many investigators [e.g., 
Giddings and Lachapelle, 1961; Barkstrom, 1972; Barkstrom and Querfeld, 1975; 
Bohren and Barkstrom, 1974; Berger, 1979; Wiscombe and Warren, 1980; Choud- 
hury and Chang, 1981]. The early models did not explicitly compute scattering by 
individual ice grains but set up a two-stream radiative transfer framework, which 
required two input param eters th a t were normally found by fitting experimental 
data. The models developed by Bohren and Barkstrom [1974] and by Choudhury 
and Chang [1981] started to consider the single scattering by ice grains and applied 
modern radiative transfer theory. The most accurate model for computing radia­
tive fluxes in snow was developed by Wiscombe and Warren [1980]. This model 
used Mie theory to calculate the optical properties of snow. The delta-Eddington 
approximation [Joseph et al ., 1976] is used to handle the anisotropic phase func­
tion. This model has the capability of simulating the dependence of the spectral 
albedo on grain size and density, and the results agree quite well with observations.
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6Brandt and W arren [1993] studied the solar heating rates in Antarctic snow and 
simulated the sub-surface tem perature maximum by using the two-stream radiative 
transfer model.
Radiation penetration in sea ice and the ocean has recently received more a t­
tention due to  its strong effect on sea ice decay and consequently on climate. 
Grenfell and Maykut [1977] carried out a number of measurements of light trans­
mission and reflection in the arctic basin, in which spectral albedos (400 - 1000 
nm) and extinction coefficients (400-800 nm) were determined for melt ponds and 
various types of bare ice. They used the Bouguer-Lambert law to estim ate the 
transmission and absorption within the ice under clear and cloudy skies from total 
flux measurements at the surface. They found tha t near the surface, m ultiyear ice 
absorbed slightly more energy than did first-year blue ice, but at depths below 10 
cm the flux divergence in the first-year ice was three to four times larger than in 
the multiyear ice. By using a two-stream model and considering the snow, ice and 
ocean each as one homogeneous layer, Grenfell [1979] investigated the to tal trans­
mission, absorption and reflection of solar radiation for bare blue and white ice 
between 0.02 and 0.8 m in thickness as well as for blue ice covered with 0.01 to 0.4 
m of dry packed snow. According to this two-stream model, the radiative energy 
absorption at the surface is independent of ice thickness, but significant departures 
from Beer’s law by as much as 200% are evident in all cases below a depth of 2.5 
mm and the total transmission through thin ice (less than 0.8 m) is from 50% 
to 300% greater than is predicted by Beer’s law depending on ice type. Perovich 
[1990] studied the solar heating of a stratified ocean in the presence of a static 
ice cover. The contribution of the absorption of shortwave radiation in determ in­
ing the thermohaline structure of the under ice water was modeled and compared 
with observations. Results showed that the tem perature maximum beneath the 
ice was established by absorption of solar radiation, regardless of whether leads
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7were present or not. Based on simple models for the scattering and absorption, 
Buckley and Trodahl [1987] used the Monte Carlo m ethod to simulate the light 
transmission in sea ice. They found that a satisfactory fit could be obtained only 
by assuming a strongly scattering top layer lying above a bulk layer in which the 
scattering is anisotropic.
Compared with the extensive investigations carried out for the atmosphere and 
ocean, the investigation of radiative transfer in and the optical properties of sea 
ice is inadequate, even though sea ice is the most im portant component controlling 
the radiative energy balance and light transport in the coupled atmosphere, sea ice 
and ocean system. The radiation in sea ice is controlled by the absorption of pure 
ice, as well as by scattering and absorption of inclusions, such as brine pockets, air 
bubbles, solid salts and other impurities. Based on phase equilibrium constraints 
and experimental data, Cox and Weeks [1983] developed an equation to relate the 
fractional volumes of brine pockets, air bubbles and solid salts to the ice tem ­
perature, density, and salinity. However, the size distribution of these inclusions 
and their dependence on tem perature, salinity and density is not well understood. 
Therefore, the dependence of their optical properties on the physical properties is 
not entirely clear. Most radiation computations in sea ice have been simulated by 
Beer’s law or by a two-stream radiative transfer model. The application of modern 
radiative transfer theory to sea ice was pioneered by Perovich and Grenfell [1982], 
who first considered asymmetric scattering in sea ice by a four-stream representa­
tion using the discrete ordinate method. Their solution was adjusted to account 
for the refraction at the air-ice interface. A 16-stream radiative transfer model 
developed by Grenfell [1983], started to treat scattering by individual particles 
(air bubbles and brine pockets) and related the optical properties to the initial 
tem perature, salinity, density and growth rate of the ice. The m ajor lim itation 
of this model was that it treated only a single homogeneous layer and, as a re­
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8suit, was applicable only to a limited set of ice types. Perovich [1990] introduced 
a multilayer two-stream model based on the formulation of Dunkle and Bevans 
[1956]. Because the two-stream model considered only one upward and one down­
ward direction, it is most suitable for a  uniform radiation field, and it is difficult 
to correctly account for the refraction at the air-ice interface. Prior to the present 
work, the most sophisticated radiative transfer model developed for application to 
sea ice is the multilayer 4-stream model of Grenfell [1991]. This model took into 
account the refraction at each layer interface and related the optical properties 
of sea ice to  its physical and structural characteristics. Since the same number 
(four) of streams was used in every layer, some approximations and interpolation 
had to be applied in an attem pt to satisfy the reflection and refraction conditions 
at the air-ice interface due to the change in refractive index across the interface. 
Although models that use the same number of streams in the atm osphere and 
ocean have the advantage of simplicity in implementation, they lack the flexibility 
to choose the number of streams so as to optimize the com putational tim e for a 
desired level of accuracy. This lack of flexibility and internal consistency implies 
th a t such models are not suitable for providing benchmark results against which 
approximate (low stream) results could be tested.
The error in radiative transfer modeling is contributed by two sources. One is 
theoretical, which is related to the methodology used to solve the radiative transfer 
equation and the m agnitude of that error is dependent on the optical properties 
for a specified method. The other is related to the specification of the model input 
parameters, the optical or physical properties. These two errors could be made 
to cancel each other by tuning one or more characteristic param eters if they are 
not uniquely specified, as they presently are for sea ice. Keeping this in mind, one 
should perhaps not be surprised to find that good agreement between models and 
observations is frequently reported, even though large errors are inherent in the
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9solutions. Therefore, good matching can not necessarily be taken as a verification 
of the modeling. On the contrary, it may just indicate th a t the optical properties of 
the sea ice are poorly specified. To distinguish errors in the specification of sea ice 
characteristics from the theoretical (and numerical) modeling errors, an accurate 
radiative transfer model is required. On the other hand, improved accuracy of the 
ice characterization is needed for improved overall modeling accuracy.
Even in theory, the computational accuracy generally increases with the num­
ber of streams when the discrete ordinate m ethod is used to solve the radiative 
transfer equation. The 2-stream and 4-stream models have the advantage of com­
putational simplicity and in some special circumstances, they do provide adequate 
accuracy. For example, in the absence of scattering, even Beer’s law yields the 
exact solution; and if the radiation field is isotropic, the 2-stream approximation 
may yield accurate results. The number of streams required to satisfy a prescribed 
accuracy is dependent on the optical properties, specifically the scattering asym­
m etry factor and the single scattering albedo. Unfortunately, the scattering in 
sea ice is often highly asymmetric and the single scattering albedo over the solar 
spectrum  varies widely, which usually implies that a  high number of stream s is 
required to obtain adequate computational accuracy.
The increasing availability of radiative measurements of improved accuracy in 
the ice, the need to quantify the effects of solar radiation on marine ecosystem in 
the polar oceans, and the critical role played by sea ice in the radiative transfer 
process in the entire atmosphere, sea ice and ocean system, call for the development 
of a comprehensive and accurate radiative transfer model to treat the radiation in 
sea ice as well as in the coupled system.
On the other hand, all the radiative transfer problems in the atmosphere and 
in the ice and ocean are presently treated separately. In other words, the radia­
tion com putation in the atmosphere is carried out with assumed surface albedo,
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whereas the radiation in sea ice and ocean is treated with assumed known incident 
conditions at the ice surface. Usually uniform illumination is assumed. However, 
to study the radiative interaction between the atmosphere, clouds, snow, sea ice 
and ocean, a radiative transfer model with consistent treatm ent of radiation in 
the coupled system is needed. To develop such a comprehensive radiative transfer 
model is the objective of this thesis work.
In chapter 2 of this thesis, I will present the methodology developed to solve 
the theoretical problem employing the discrete ordinate method (DOM) to solve 
the radiative transfer equation in a coupled system consisting of two s tra ta  with 
different indices of refraction. The atmosphere-ocean system will be taken as an 
example.
In chapter 3, the radiative transfer solution for the coupled system will be 
applied to the atmosphere, sea ice and ocean system to study the solar energy 
balance in the coupled system and to study the effect of sea ice on the radiative 
interaction in the whole system.
In chapter 4, application of the radiative transfer model to study the transport 
of photosynthetically active radiation in sea ice and ocean will be presented. The 
effects of clouds, ozone, snow and ice algae will be examined.
A summ ary discussion and conclusions will be presented in chapter 5.
10
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C hapter 2 
R ad ia tive  Transfer in  
N on-u n iform ly  R efracting  
Layered M edia
A general equation for the transport of monochromatic radiation in one spatial 
dimension can be expressed as
u =  -  / ( r , u , 0 )  +  ^ ^ ^  d(j> J u' , ,  u', <j>')du'
+  5 ( t ,  u,<f)) (2.1)
where / ( r ,  u, (j>) is the unpolarized spectral radiance (omitting index of frequency
v  for simplicity) at vertical optical depth r  (measured downward from the upper
boundary) and in direction (u , <f>). Here u is the cosine of the polar angle, which is
positive with respect to the upward normal and 4> is the azimuthal angle. a{r) is
the single scattering albedo and p(r, u,<£, u', f t)  is the phase function representing
the probability of an incident photon in the direction {u\ f t )  being scattered into
°T he first part o f th is chapter is based on material published as Z. Jin and K. Stam nes, 
R adiative transfer in nonuniformly refracting layered media: Atmosphere-ocean system , App l .
Opt . ,  33, 431-442, 1994.
1 1
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direction (n ,^ )  after a collision with a scattering particle. Thus, the integral 
term  on the right hand side of Eq. (2.1) represents the radiation contributed by 
scattering from all directions to direction (u,(f>). S(r,u,<j>) represents any internal 
source of radiation.
The main difference in solving the radiative transfer problem for the atmosphere- 
ocean system or the atmosphere-sea ice-ocean system from th a t for the atmosphere 
only, is that one must take into account the refractive index change at the air-water 
or air-ice interfaces. A number of radiative transfer models th a t take refraction into 
account have been developed for the computation of underwater light fields or for 
the remote sensing of ocean properties. Some of them simulate a coupled ocean- 
atmosphere system. Among these models, most have adopted the Monte Carlo 
technique to solve the radiative transfer equation [e.g., Gordon, 1987; Kattawar 
and Adams, 1989; Morel and Gentili, 1991; Kirk, 1981; Stavn and Weidemann, 
1988], whereas the invariant imbedding technique and the doubling-adding method 
were used by Mobley [1989] and by Nakajima and Tanaka [1983], respectively. The 
models differ primarily in the mathematical techniques used to solve Eq. (2.1) and 
in the treatm ent of boundary conditions at the ocean surface.
The discrete ordinate method (DOM) [Chandrasekhar, 1960] has been satis­
factorily used to solve the radiative transfer problem in a vertically inhomoge- 
neous atmosphere and has been proven to be reliable and efficient [e.g., Liou, 
1973, 1975; Stamnes and Swanson, 1981; Stamnes and Conklin, 1984; Stamnes et 
al. 1988; Tsay et al. 1989]. The principle of the DOM is to convert the integro- 
differential equation (2.1) into a system of ordinary differential equations by means 
of a quadrature formula. The contributions of Stamnes and his colleagues have led 
to an unconditionally stable solution based on this method [Stamnes and Swanson, 
1981; Stamnes and Conklin, 1984]. This method has the following unique features: 
(i) because the solution is analytic, the computational speed is completely inde-
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pendent of individual layer and total optical thickness which may be taken to be 
arbitrarily large. The computational time is directly proportional to the number of 
horizontal layers used to resolve the vertical inhomogeneity of the optical properties 
in the media; (ii) accurate irradiances, scalar irradiances and azimuthally-averaged 
radiance are obtained with just a few streams which makes the code very efficient; 
(iii) because the solution is analytic, radiances and irradiances can be returned at 
arbitrary optical depths unrelated to the computational levels; (iv) the DOM is 
essentially a m atrix eigenvalue/eigenvector solution, which implies that the asymp­
totic solution is automatically obtained. Therefore, the smallest eigenvalue is the 
asym ptotic extinction and the associated eigenvector is the asymptotic radiance.
However, in all previous applications of this method there was no need to con­
sider changes in refractive properties because optically only a single medium with 
a  constant index of refraction was considered. The principal difficulty encoun­
tered in attem pts to extend the DOM to the atmosphere-ocean system and to the 
atmosphere-sea ice-ocean system results from the refraction of radiation across the 
air-water or air-ice interface where refractive index changes occur. The Fresnel 
refraction and reflection at those interfaces will affect the form of the radiative 
transfer equation and the particular solutions in the whole system. Consequently, 
the radiance continuity relations at the interface are totally different from the 
non-refractive case.
Neglecting the refractive index change at the ice-water interface, the solution of 
the radiative transfer equation in the atmosphere-sea ice-ocean system is similar to 
th a t in the atmosphere-ocean system. For simplicity, I will take the atmosphere- 
ocean system as an example to demonstrate the procedure of solving radiative 
transfer in such a coupled system. The air-water interface is assumed to be flat 
and the atmosphere and ocean are both assumed to be vertically stratified so tha t 
the optical properties depend only on the vertical coordinate. To account for any
13
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vertical inhomogeneities, the atmosphere and the ocean can be divided into any 
suitable number of horizontal layers, as required to resolve the vertical structure 
of the optical properties of each medium.
In the following sections, I will first derive the formulation of the radiative 
transfer equation for the coupled system, which is different from that for the uni­
formly refracting medium. I will then select an appropriate quadrature and apply 
the DOM to find a general solution which is suitable for every layer. The formu­
lation and procedure required to apply the interface and boundary conditions to 
such a coupled system will be presented. In section 2 some model consistency tests 
will be performed. The im portance of proper stream distributions in the Fresnel 
cone and the total reflection region in the ocean to achieving fast convergence is 
also discussed, as is the effect of scattering asymmetry on convergence. Following 
tha t, some examples from applying this formalism to the atmosphere-ocean system 
are presented in section 3, including comparisons performed with and without the 
inclusion of the effects arising from changes in the index of refraction at the air- 
ocean interface in order to dem onstrate the importance of including this change. 
Finally, in section 4 comparisons with several models tha t use different solving 
methods are presented.
2.1 Form ulation and Solution
Formulation and solution of the radiative transfer equation for the atmosphere- 
ocean system have many similarities with th a t for the atmosphere only. Only 
the differences will be emphasized here. Figure 2.1 schematically illustrates the 
radiative transfer model for the atmosphere-ocean system. In the ocean, region I is 
the to tal reflection region and region II is the refraction region. The width of each 
region depends on the relative index of refraction of the two media. The downward
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Atmosphere
Sun
M- o  F o
T =  0
X =  X
Ocean
x = x
F igure 2.1 Schematic diagram of the coupled radiative transfer model for the atmosphere -ocean system
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radiation distributed over 2ir steradians in the atmosphere will be restricted to  a 
cone (less than 2n steradians) after being refracted across the interface into the 
ocean. Photons in region II of the ocean may be scattered into region I. Note, 
however, that photons in region I of the ocean can not reach the atmosphere 
directly and vice versa. ‘Communication’ between the atmosphere and region I 
has to be achieved through the scattering process between region I and region II 
in the ocean. As will be demonstrated, all these characteristics for the coupled 
system can be described by a properly formulated radiative transfer equation and 
an appropriate implementation.
2.1.1  B asic Equations
For the coupled system, the source term  S  (for simplicity consider only a solar 
beam  source) in Eq. (2.1) in the atmosphere can be expressed as
Sair(r,u,^)) =  ^y-^-Fsp(r, u, cf), —po, 4>o) exp(—r /  p 0)
4 7 r
+  o, n)p(r , u, 0 ,p0, (f>0) e x p (-(2 ra -  r ) / ^ 0) (2.2)
where p0 is the cosine of the solar zenith angle and is positive, 4>o is the azimuthal 
angle for the incident solar beam, F s is the solar beam intensity at the top of the 
atmosphere, n is the index of refraction of the ocean relative to the atmosphere 
and ra is the total optical depth of the atmosphere. The first term  in Eq. (2.2) 
represents the contribution from the downward incident beam source, while the 
second term  represents the contribution from the upward beam source reflected 
at the atmosphere-ocean interface because of the Fresnel reflection caused by the 
change in refractive index between air and sea water. R (—p0,n)  is the ocean 
surface reflectance for the solar beam (see Appendix A for derivation). In the
16
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ocean, the source term  can be written as
Socn{T,u,(f>)  =  — r F sT ( - p 0 ,n)p(T,u,(f>, - p , 0n, f o )  e x p ( ~ T a/ p 0)
4 7 T / ^ O n ( / ^ 0 : ^ J
x exp [—(r  — Ta)/pon] (2.3a)
where T ( —p o5 n) is the transm ittance through the interface, and pon is the cosine 
of the solar zenith angle in the ocean, which is related to p0 by Snell’s law
Pon(po,n) = y/l  -  (1 - p 02) / n 2. (2.3b)
Equation (2.1) implicitly assumes that the scattering phase function depends 
only on the scattering angle 0  which is related to the polar and azim uthal angles 
of the incident and the scattered directions through the cosine law of spherical 
trigonometry
cos(0) =  uu' + y/( 1 — u2)(l — un ) cos(4> ~  4>')- (2-4)
This relation can be utilized to “isolate” the azimuth-dependence in Eq. (2.1) 
by the following procedures of expansion and decomposition. Expansion of the 
phase function p(r, cos 0 )  in a series of 2N Legendre polynomials and the intensity 
(radiance) in a Fourier cosine series [Chandrasekhar, 1960; Stamnes et al., 1988]
2JV—1
I(r,u,<f>)= ^ 2  I m(r,u)  cos m((f) — (j>0) (2.5a)
m = 0
p(r, u, <f>, u1, 4>') = p {r \cos0 )
2iV—1
=  J 2  (2l + l)gi(r)P[(cosQ) (2.5b)
1=0
leads to the replacement of equation (2.1) with 2N independent equations (one
for each Fourier component)
d l m(r u) r1
u  )-Z-L = - I m(T,u) + D m(T,u ,u ' ) Im(T,u ')du'+ S m(r,u)
dr J- i
m  =  0 ,1 , . . . ,  21V - 1 (2.6a)
17
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
18
and
£>” ( r ,u ,« /) =  ^ 2E ( 2 / +  l ) s / ( r ) § f ^ / r ( < < m “') (2.6b)2 ,=m (Z +  m)!
where P/m(u) is the associated Legendre polynomial, the expansion coefficient gi(r) 
is given by
gi(r) =  f P/(cos 0 )p (r , cos 0 )dcos 0  (2.6c)
Z  */ “  1
and 5 m(r, u) is the decomposed m th Fourier component of the beam source. In 
the atm osphere it is
s rir(r >u ) =  X ^ ( r ,u ) e x p ( - T / p o )  + X ^ ( T,u )exp (T /p 0) (2.6d)
where
X?(T,U)  =  ^ F * ( 2 -  Sm0) 2E ( - i ) ' +" ( 2 '+
x (2-6e)
x ol(T’u ) =  - r ^ f “^(-A ‘o ,n )e x p ( -2 r I / ^ 0)(2-<5mo)
47T
27v“ 1 <7 -  771V
x £  (21 +  l)gi(T)jr— —^ jPP(u)Pp(u<,) (2.6f)
/=0 v ■ /•
(1 , if m=0;
SmO = S . (2.6g)
1 0, otherwise.
The m th  Fourier component of the source term  in the ocean can be expressed as
S^n(r > u) = X £ ( t , u) e x p ( - r / p 0n), (2.6h)
where
=  4 ^  r  ' H - / « . . " ) f e x p | - r . ( - - — ) ] ( 2 - f m0)
47r p 0n { p o , n )  p 0 POn
2Ar_1 , ( 1 - m V
X E  ( - 1 ) I+*(2I +  l l a W L - i T T W ' T t w i . ) .  (2.61)
/—0 “r m )-
The solution of equation (2.1) has now been transformed into solving a series of 
^-independent equations (2.6a).
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2 .1 .2  Q uadrature R ule and D iscrete Ordinate A pproxim a­
tion
The discrete ordinate approximation to (2.6a) is obtained by replacing the integral 
in equation (2.6a) by a  quadrature sum and thereby transforming the integro- 
differential equation (6a) into a system of coupled differential equations. Thus, for 
each layer in the atmosphere, we obtain [Stamnes et al., 1988]
Hfm(T ua) Nl..a x V ' ! ri /   Tm.( _ ..a\ i \  ' .A .A\j™i~ ,A\
V i  3-------  =  ~ L {T,Vi )  +  wj D Vi Vj )
ar  >=-*1]±o
+  S T M a U, * =  (2.7a)
and similarly, for layers in the ocean, we find
i A )
^  =  - /" ( r , ju ? )  +  £
J = - n 2
j*o
+  S Z . M ) .  i = ± l , . . . , ± N 3 (2.7b)
where /i“,w“ and v°iwi are quadrature points and weights for atmosphere and 
ocean respectively and //_,• =  tu_,- = W{. The quadrature structure is shown
in Figure 2.2. Note th a t instead of using a constant number of streams for each 
layer as usual, we have used different numbers of streams for the atmosphere and 
the ocean (2Ni and 2N2, respectively). In region II of the ocean, which communi­
cates directly with the atmosphere, we use the same number of streams (2Ni)  as
in the atmosphere. This properly accounts for the shrinking caused by refraction
of the angular domain in the ocean. In region I of the ocean, where total reflec­
tion of photons moving in the upward direction occurs at the ocean-atmosphere 
interface, we invoke additional streams (2N2 — 2Ni)  to accommodate the scatter­
ing interaction between regions I and II in the ocean. Although there are many
Vi dr
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F igure 2.2 Schematic illustration of the discrete directions in the atmosphere and the ocean .
options for choosing a quadrature, this choice will strongly affect the application 
of interface continuity conditions and the accuracy of the solution. The Double 
Gauss quadrature rule is used to determine the quadrature points and weights, 
/if and wf  (i =  l , . . . , # i ) ,  in the atmosphere, as well as the quadrature points 
and weights, and w° (i = Ni  +  1 , . . . ,  A^2), in the to tal reflection region of the 
ocean. The quadrature points in the Fresnel cone of the ocean are obtained by 
simply ‘refracting’ the downward ‘stream s’ in the atmosphere, [/ij, . . .  in^°
the ocean [Nakajima and Tanaka, 1983; Tanaka and Nakajima, 1977]. Thus, in 
this region, fi° is related to by Snell’s law,
/*? =  / « )  =  \ / l  -  (1  -  ( f “ ) 2) / " 2, *' =  1 , 2  AT. (2.8)
and from this relation, the weights for this region can be derived as
o a.
W°i  =  w * dfia
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The advantage of this choice of quadrature is that the quadrature points are 
clustered towards the // =  0 directions both in the atmosphere and the ocean, 
and in addition, towards the critical angle direction in the ocean. This clustering 
gives superior results near these directions where the radiances vary rapidly. Also, 
this choice of quadrature will simplify the application of the interface continuity 
condition and avoids the loss of accuracy incurred by the interpolation necessi­
tated  by adopting the same quadrature i.e., the same number of streams, for the 
atmosphere and the ocean.
Finally, it is easy to show that the chosen quadrature points and weights make 
phase function renormalization unnecessary, so that energy conservation is satisfied 
automatically as pointed out first by Wiscombe [1977].
2.1 .3  Solution
An accurate, reliable and efficient method to obtain the solution of the homoge­
neous version of Equation (2.7a) or (2.7b) was presented by Stamnes and Swanson 
[1981]. Following the same procedure, we directly give the homogeneous solution 
here for simplicity. In the atmosphere, it is (omitting hereafter superscript m  
denoting the Fourier components)
Ah
=  Y j { C - j G - i {fiai )ex^{kjT)-{-CjGj{nai ) e x ^ { - k j T)}, i = ± l , . . . , ± A h ,  
i=i
(2.10a)
and similarly, in the ocean
n 2
Pi) = exp ( k j T )  +  CjG j(n i )exp ( -k jT )} ,  i = ±  1 , . . . ,  ± N 2
3=1
(2.10b)
where the kj and Gj are eigenvalues and eigenvectors determined by solving an 
algebraic eigenvalue problem, and the Cj are unknown ‘constants of integration’
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to be determined by the application of boundary and continuity conditions as 
discussed below.
As for the particular solution, in the atmosphere it can be expressed as
U (T , t f )  = Z o( t f ) exp ( -T / i io )  +  Zoi(/jLi)exp(T/fi0) (2.11a)
where i =  ±1 , ± 2 , . . . ,  ± Ai ,  and the coefficients Z0{ ^ )  and Z0i(/u“) are determined 
by the following system of linear algebraic equations
n°:
E  {(1 +  — )*<i "  « $ D ( r , t f  ,^ )}2 b (/zJ) =  (2.11b)
j=—jv,
j*o
£  {(1 -  ^ S i i  -  w ] D ( r ^ l ^ ) } Z 01( ^ )  =  X oi(r, )• (2.11c)
—jv, j*o
The particular solution in the ocean can be expressed as
U{r,n°) = £o2(/*f)exp[-7-//iOn(0o,n)], (2.12a)
where i =  ±1, ± 2 , . . . ,  ±iV2, and Zo2(fJ.°) is determined by the following system of
linear algebraic equations 
N2 u°-
£  [(1 +  (2.12b)
j  = -N2 f*0 n
j¥0
The general solution is just the sum of the homogeneous solution and the particular 
solution.
2 .1 .4  Boundary and Interface C onditions
The vertically inhomogeneous medium is represented by multiple adjacent homoge­
neous layers in the atmosphere and the ocean, respectively. The solutions derived 
previously will be used in each layer. We assume that the system consists of L\
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layers of atm osphere and L2 layers of ocean. Then we may write the solution for
the pth layer as 
Ni
/ p(r, /i?) =  J2{C-. jpG - jp( t f ) e x p (k jpT) +  CjpGjp( t f )  exp (~ k jpr )}  +  Up(t , //?), 
j=i
z =  ± 1 , . . . ,  ±iVi and p < Li, (2.13)
n2
Ip(TilA)  =  Y , { C - j PG - jp{pi)exp(kjpT) +  CjpGjp(p°) exp ( - k jpr )}  +  Up(t , p °), 
i=i
i = ± l , . . . , ± N 2 and L i < p < L i  + L 2. (2-14)
Totally there are 2Ni  x L\ + 2 N2 x L 2 unknown coefficients Cjp in equations (2.13) 
and (2.14). They will be determined by (i) the boundary conditions to be applied 
at the top of the atmosphere and the bottom of the ocean, (ii) continuity conditions 
at each interface between layers in the atmosphere and ocean, and finally (iii) the
reflection and refraction occurring at the atm osphere/ocean interface where we
require Fresnel’s equations to be satisfied.
These conditions are implemented as follows: 
at the top of atmosphere, we require
/i(0 , - p i )  = Ioo(-pi),  i = l , . . . , N i \  (2.15a)
at the interfaces between atmospheric layers,
/p(rp,/i?) =  /p+i(rp, ^ ) ,  i = ± l , . . . , ± N i ,  and p = 1 , . . . ,  L x -  1; (2.15b)
at the interface between atmosphere and ocean,
lL i(ra, t f )  =  I Ll{Ta, - p ai ) R { - p ai ,n)  +  [ILl+1(Ta, t f ) / n 2] T ( + p ? , n ) ,
i = l ,2, . . . ,7Vi ;  (2.15c)
ILl+ i ( Ta, —f^i)/™2 =  [ILl+i(Ta, l i i ) / n 2] R ( + t f , n )
+  lLl (ra- , - P i ) T ( - p i , n ) ,  z =  1 ,2 , . . .  ,jVi; (2.15d)
23
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/L ,+ i(ra, - / i i )  =  /L1+i( ra,//?), t =  Ah +  1 , . . . , N 2; (2.15e)
at the interfaces between ocean layers,
I p ( t p i V ° )  ~  A>+i(t p>AA?)> i =  ± l , . . . , ± A f 2, P =  L i  +  l , . . . , Z q  +  L 2 -  1;
(2.15f)
and finally at the bottom  boundary,
Ih+ L ,(T ' , r t )  = I , M ) ,  . =  1 , 2 , . . . ,  AT,. (2.15g)
We defined i?(±//;, n) and T(±/x,-, n) as the specular reflectance and transm ittance 
of the invariant intensity (radiance), / / n 2abs (nabs is the absolute index of refraction 
at the location where I  is measured). The minus sign applies to the downward 
intensity, and the positive to the upward intensity. Formulas for R  and T  can 
be derived from the basic Fresnel equations. The results are [see Appendix A for 
detailed derivation]
R(+fj,°,n) = R ( —fj,“,n),  (2.16b)
T ( - K . n )  =  2 ^ { ( ^ ) 2 + ( ^ ) 2} ,  (2 ,6 c )
T (+ tf,n ) = r(-tf,n). (2.16d)
Equations (2.15c) and (2.15d) ensure that, by satisfying Fresnel’s equations, the 
radiation fields in the atmosphere and the ocean are properly coupled through
the interface, whereas equation (2.15e) represents the total reflection in region I
in the ocean. The total optical depth of the atmosphere and ocean is denoted 
by r* in equation (2.15g). /«>(— lA) 1S the intensity incident at the top of the 
atmosphere, and Ig{n°) is determined by the bidirectional reflectance distribution 
function (BRDF) of the underlying surface at the bottom  of the ocean. The
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accurate specification of the BRDF is obviously im portant only for shallow waters. 
Substitution of equations (2.13) and (2.14) into equations (2.15a)-(2.15g) yields
NiE { C n G j i ( - t f )  + C -j iG - j i ( -/ X i ) }  = /oo( - / / “) -  £/:(0, - / f “), i =  1 ,. . . ,  Ah
j= i
(2.17a)
Ni
E { C j PG j M ) e - k^  +  C -jpG-jp(fj.i)ek]pTp 
j= i .
-  [Cj,p+1Gj,p+1( t f ) e - k^ p +  C ^ p+1G . j ,p^ { li ’t ) e k^ p] }
=  Up+1(rp, t f )  -  Up(Tp, t f ) ,  i = ± l , . . . , ± N 1;p = l , . . . , L 1 - l  (2.17b)
Ni
E {Cj,Li [ C W t f )  ~  R ( - ^ ,n ) G jiLl (-/*?)] e ' W -
j=i
+  C . jM ((,?) -  m - r i ,  n)G.j.i ,  (-Mt)l  e W - }
j= l J " 2
=  - ~ l ’ n )u ,.■ »(’•../*?) -  t M w i ) ,  i =  1,2.........2V, (2.17c)
E [ C i , c , G i£ „  ( - ^ ) e - ‘ « , -  +  C . l i t G . iM „ )
j=l
i = i  71 n
+  C - i ,L l + 1 [-- l ^ / > n ) g - i lL l+ 1 (/i?) -  i G . ^ . + i ( - ^ ) ] ^ ' tl + ir “ }
71 7Z
=  -^77L,+i(ra, - / / - )  -  ^ ^ - ^ f / Ll+i(ra,/z°) -  T ( - / / “, n ) ^ ,  (ra, - ^ “),
Tv Tv
i =  1 , 2 , . . . ,  Ah (2.17d)
n 2
E i ^ + i l G j M + M )  ~ GjJtl+l( - ^ ) ] e - ^
j=i
+ C-j,£i+i[C?-j,Li+i(Ai°) -  +i (—//“)]e^ -1!To}
=  ULl+1(ra, - t f )  -  C/L1+i(ra,^-),  i =  Ah +  1 , . . . ,  Ah (2.17e)
25
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n 2
£  { C j p G j M f r - * * *  +  C L i p G L i p ( t f ) e ^
j = 1
[Cj,p+iGj,p+i(fJ'°)e~k)'p+lTp +  C'_j)P+iGr_j!p+i(^ ° )e A:j'p+lTp] }
Up+i (tp, /j,°) — Up(tp,[i °), i = ± l , . . . , ± N 2; p = l , . . . , L 1 + L 2 - l  (2.17f)
n 2
Y,[Cj,L1+L2Gj,Ll+L2(Vi)e~khL' + L2T + C'_j,L1+L2G_j,L1+L2(>°)efcj,Ll + L2T ]
3=1
=  Ig( p ° ) - U Ll+L2(T\f i° )  i =  1 , 2 , . . . , N 2 (2.17g)
Equation (2.17) constitute a system of (2Ni x L \ ) +  (2N2 x L2) linear alge­
braic equations from which the same number of unknown coefficients, the C±jp, 
are determined. Matrix inversion of this system of equations yields the desired 
coefficients and thereby completes the solution for the coupled atmosphere-ocean 
system. However, it is completed only m athem atically not numerically, because 
equations (2.17) are intrinsically ill-conditioned.
2.1 .5  Scaled Solution
In situations of large optical depth, the positive exponentials in Equation (2.17) 
will cause numerical overflows during the execution of the computer program and 
the system of algebraic equations resulting from straightforward application of 
Equation (2.17) is notoriously ill-conditioned. To avoid these numerical overflow 
and ill-conditioning problems, it is necessary to remove the positive exponentials 
in Equations (2.17). This is achieved by the scaling transform ation [Stamnes and 
Conklin, 1984]
c+ir  =  and C . ir =  CLire~k‘^ .  (2 .1 8 )
By this transformation, instead of solving for the Cjp in Equation (2.17) one solves 
an algebraic equation for the C- for which the numerical scheme is unconditionally
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stable. Detailed discussion of the scaling transformation was given by Stamnes and 
Conklin [1984]. Here only the simplest case for the atmosphere-ocean system is 
dem onstrated as an example. This case consists of one layer of atmosphere where 
2-stream is to be used and one layer of ocean where 4-stream is to be applied 
(i.e., Li  =  1; L 2 =  1; Ni  =  1; N 2 =  2). Upon substitution of these param eters 
into Equation (2.17), the right hand side of (2.17) can be w ritten in m atrix  form 
as
■ 
1 
*—* A i2 0 0 0 0 ' ’  CU
A2ie~kl’lTl A22ekl'lTl A23e~k2*Tl A24e~kl’2Tl A 25efcl'2Tl A 2eek2'2n c- i , i
A3 ie~kl’lTl A32ekl'lTl A33e~k2’2Tl A34e~kl’2Tl A35ekl’2T1 A36ek2-2Tl c2,2
0 0 A43e~k2’2Tl A44e~kl-2T1 A45ekl-2T' A46ek2-2Tl Cl,2
0 0 A53e~k2’2T2 A54e~kl’2T2 A 55ekl’2T2 A56ek2<2T2 C- l ,2
. 0 0 A6 3e~k2’2T2 A64e~kl-2T2 A65eki’2T2 A 66ek2’2T2. - C-2,2_
where the Aij are the factors multiplying the Cij  in equation (2.17). These factors 
can be obtained easily by applying the given values for L\, L 2, N\  and N2 to Equa­
tion (2.17) (this tedious procedure was om itted here for simplicity). This m atrix 
is obviously ill-conditioned (because of the exponentials with positive arguments) 
and has to be scaled by (2.18) as follows to remove this flaw.
The scaling leaves the first column in the above matrix unchanged, while the 
rest of the columns are multiplied by exponential factors as follows: column 2 by 
column 3 by ek2’2Tl, column 4 by efcl>2Tl, column 5 by e-fcl'2T2 and finally 
column 6 by e~k2'2T2. The resulting m atrix has elements which are either constants, 
A{j, or else constants A,j multiplied with exponentials whose arguments are neg­
ative and proportional to T\ or (r2 — ri). Thus, it is obvious that this m atrix is
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
28
well-conditioned and that it in the limit of large values of Ti or (72 — 7i) reduces to
•
0 0 0 0
10
0 A 22 A 23 A 24 0 0
0 A 32 A 33 A34 0 0
0 0 A 43 A 44 0 0
0 0 0 0 A 55 ^ 5 6
1 0 0 0 0 ^ 6 5 - ^ 6 6 .
which shows th a t the ill-conditioning problem has been entirely eliminated.
The characteristic of the coefficient m atrix is that it is a diagonal band m atrix 
(i.e., only the elements in the diagonal band are non-zero). This structure should 
be exploited to  make the solution of the algebraic equation more efficient, especially 
for large numbers of layers when large numbers of elements in the upper-right and 
lower-left triangles are zero. However, due to the fact that the stream number used 
in the different layers is not constant for the coupled system, the band coefficient 
m atrix is no longer symmetric in structure. Some examples of the coefficient m atrix 
will be dem onstrated in Appendix B.
Substituting the coefficients C'-v obtained from the equations above to Equa­
tions (2.13) and (2.14) yields the azimuthal components of the radiance (intensity). 
Once the solutions for each (and all) Fourier components have been determined, 
we may compute the radiance at the quadrature directions from equation (2.5a). 
Since the fluxes and the mean intensity (the total scalar irradiance divided by 
47r in oceanographic terminology [Morel and Smith, 1982]) are azimuthally inte­
grated quantities, only the m  =  0 (azimuth-independent) component contributes. 
Therefore the downward and upward fluxes (irradiances) E ± (r)  and the mean in­
tensity 7 (t)  at optical depth r  can be computed according to the following formulas 
[Stamnes, 1986]
=  L  d ^ Jo
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N
= 27T'%2wiliiI°(T,±lii) (2.19)
1=1
- 1 f 2* f 1
I ( t )  =  —  dcj) I(T,u,<f>)du 
47T Jo J - i
=  \  H  WiI0{T,Hi) (2.20)
Z  i = - N  i* 0
and the downward scalar irradiance (E0d) and the upward scalar irradiance (Eou) 
can be w ritten as
1 f2* r°
Eod(r ) =  —  j o d(j) J  I (t, fi,<f>)d(i
N
= (2-21);=i
1 f 2n f 1 
Eou(r) =  - - J  d<f >J o  I ( T , f i , < j > ) d f j ,
= (2-22)
i= l
Since Eqs. (2.19)-(2.22) are general formulas, when these are applied to actual
computations the quadrature number N as well as the quadrature directions //,•
and weights Wi are different in the atmosphere from those in the ocean.
The net downward flux (total irradiance) F (t ) and the flux divergence at 
depth z can be expressed as
F ( t ) = F~ ( t ) -  F +(t ) (2.23)
T  ^ =  47t a(z)I{r)  (2.24)
dz
where a(z)  is the absorption coefficient at depth 2 . Thus, in the absence of therm al 
emission sources, the radiative flux divergence is equal to the absorption of solar 
radiation per unit volume at depth 2 . Remember that the radiative quantities
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above are monochromatic, so integrations of Eqs. (2.19)-(2.24) over frequency or 
wavelength are needed to produce the corresponding radiative quantities over a 
specified spectral region.
2.2 M odel Tests
Before considering actual applications, I will present a number of consistency and 
convergence tests aimed at checking the basic soundness of the solution. First, 
consider a conservative situation, in which there is no absorption in the whole 
system. In other words, we replace the atmosphere and the ocean with two s tra ta  
consisting of media with different refractive indices, but without absorption. At 
the bottom  of the lower stratum , we assume that the ‘surface’ is totally reflecting. 
The variation in irradiances with the relative index of refraction n at four partic­
ular levels is shown in Figure 2.3. The effect of adding some absorption is also 
illustrated. The net irradiance is defined in (2.23) which is the difference between 
the total downward irradiance and total upward irradiance. In the conservative 
case, the net irradiance is zero everywhere consistent with the energy conservation 
requirement, so that the total upward irradiance everywhere overlaps with the to­
tal downward irradiance. The total downward and upward irradiances increase 
rapidly with increasing n in the lower stratum , but not in the upper stratum  be­
cause of the “energy trapping” in the total reflection region as discussed by Stavn 
et al. [1984] and by Plass et al. [1981]. Figure 2.3 also shows that the variation 
in the irradiances with n is very sensitive to the absorption in the lower medium. 
A single scattering albedo of 0.9 just in the lower medium leads to a drastic re­
duction of the irradiance changes versus n as compared to the conservative case. 
At the bottom , the overlap of total upward irradiance with the total downward 
irradiance for this absorptive case is due to the assumed bottom surface albedo of
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F igu re 2.3 Variation of irradiances with the relative index of refraction at several locations for isotropic 
scattering, incident flux F 5 =  1.0 with incident zenith angle 6o =  30°, bottom surface albedo=1.0, 
ra — 1.0, and r* =  2.0. For the absorption case, the only difference from the conservative case is that 
the single scattering albedo a =  0.9 in the lower medium.
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unity. The results shown in Figure 2.3 pertain to isotropic scattering, but we have 
verified by computations th a t the choice of phase function and optical depth does 
not significantly affect the general behavior of the irradiances indicated above for 
the case of an absorbing lower medium, and there is no effect for the conservative 
case.
As just discussed, in the conservative case with a surface albedo of unity, the 
upward irradiance should equal the total downward irradiance at the top. This 
suggests th a t for the conservative case the incident downward irradiance, which is 
equivalent to //0F S, can be taken as a ‘benchmark’ for the total upward irradiance 
com putation at the top. Figure 2.4 shows the computed upward irradiances at the 
top obtained by using different streams and their comparison with the ‘benchm ark’ 
with the same conditions as in Figure 2.3 but with an asymmetry factor of 0.7 for 
the Henyey-Greenstein phase function used here. The number ratio represents 
2 N i / (2 N 2 — 2Ah), the number of streams adopted within the refractive region 
divided by that adopted for the total reflective region. The results indicate that 
although an increase in the number of streams will eventually increase the accuracy, 
the convergence depends strongly on n  for a given combination of streams in the 
two regions. For example, the upper left panel of Figure 2.4 indicates th a t the 
combination ‘4 /2 ’ (four streams for region II and two streams for region I) will 
produce best accuracy for smaller values of n (about 1.1 to 1.2). The combination 
‘4 /4 ’ is best for n  between 1.3 and 1.5, while the combination ‘4 /6 ’ is better for 
larger n. Furthermore, as demonstrated in the other three panels, when the number 
of streams are increased in both regions, the overall accuracy increases as it should. 
Our computations also show that the convergence behavior indicated above is true 
at any level. Generally, for larger n, to obtain optimal results, one m ust assign 
more streams to the total reflective region because it becomes wider. Experience 
has shown that the quantitative relation between this optimum ‘stream ’ ratio and
32
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F igu re 2.4 The effect of ‘stream’ combinations within the refractive region and the total reflective region 
(represented by the number ratio) on the convergence for the Henyey-Greenstein scattering phase function 
with asymmetry factor g =  0.7. Other input parameters are the same as those for the conservative case in 
Figure 2.3. Shown in the panels are the upward irradiances at the top of the slabs and their comparison 
with the “Benchmark” irradiance incident on the system .
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F igu re 2 .5  Similar to Figure 2.4, but shows the effect of scattering asymmetry on irradiance compu­
tation and only for one group of ‘stream’ combinations .
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n should be ~  n 2, but this has not been proven mathematically.
In addition to the distribution of quadrature points between the two regions, 
the convergence is also strongly dependent on the asymmetry of the phase function. 
For the Henyey-Greenstein phase function which depends only on the asymm etry 
factor g , Figure 2.5 shows that for smaller asymmetry factors (i. e. less anisotropy), 
fewer quadrature points are needed to attain good accuracy. We have adopted the 
delta-M  transformation [Wiscombe, 1977], which has been shown to optimize the 
performance of the model and to improve the accuracy in flux computation for 
strongly forward peaked scattering.
2.3 Exam ples o f A pplication in the A tm osphere- 
Ocean System
In this section the coupled radiative transfer model described above will be applied 
to the atmosphere-ocean system for a number of simplified examples. The profiles 
of pressure, gas concentrations and tem perature are taken from the McClatchey 
[1972] model atmosphere for mid-latitude summer and the atmosphere is divided 
into 24 layers. For simplicity, only clear atmosphere and pure sea water are consid­
ered here. Therefore, we may adopt the Rayleigh scattering phase function both 
for the atmosphere and the ocean. The optical properties of seawater are taken 
from Smith and Baker [1981]. Because of the homogeneity of pure sea water, it 
is not necessary to use multiple layers in the ocean even though the model can 
easily accommodate an arbitrary number of layers in the ocean. The first example 
shows the computed downward irradiances at the top of atmosphere and at several 
depths in the ocean as illustrated in Figure 2.6. Here the solar zenith angle is 
specified to be 30° and the relative refractive index for the ocean is specified to
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F igu re 2.6 Spectral distributions of downward irradiances at the top of the atmosphere, and at several 
depths in the ocean for a clear mid-latitude atmosphere and a pure sea water model assuming a solar 
zenith angle do =  30° .
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be 1.33 (neglecting for simplicity the small wavelength dependence here). This 
Figure shows that the atennuation of light in the ocean is strongly dependent on 
the wavelength.
Next in Figure 2.7 we show the computed reflectance of the ocean surface for 
several solar zenith angles and compare it with the results obtained when the 
effects of refraction are ignored. The difference in the upward and downward 
irradiances at the ocean surface between including and neglecting refraction is also 
shown. The results indicate that underestimation of the reflectance would occur for 
most wavelengths if the change in index of refraction across the interface between 
the ocean and the atmosphere is ignored. As the solar zenith angle increases, the 
specular reflection, caused by the difference in the indices of refraction between the 
atm osphere and the ocean, contributes more to the total reflectance of the ocean 
surface, and consequently more to the upward irradiance at the ocean surface. 
Therefore, for larger solar zenith angles the discrepancy between the reflectances 
com puted with and without refraction becomes larger.
Figure 2.8 shows the distribution of downward irradiance and upward irradiance 
with height in the atmosphere and depth in ocean for the same atmosphere and 
ocean model used above at wavelength of 500 nm. For comparison, corresponding 
results obtained by neglecting refraction are also displayed. There is consider­
able interest in the energy absorption as a function of altitude in the atmosphere 
or depth in the ocean, because this absorbed energy drives the atmospheric and 
oceanic circulation. Because the absorbed energy within each layer is proportional 
to the mean intensity (same as the total scalar irradiance defined by Morel and 
Smith [1982] divided by 4tt), we show in Figure 2.9 the mean intensity versus height 
in the atm osphere and versus depth in the ocean. Also shown are the same results 
obtained by ignoring refraction and the relative error, \(Irefr. — Inorejr.)/Irejr.\ x 100. 
We note th a t the relative error may be as large as 20% just below the ocean sur-
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F igu re 2.7 Spectral distribution of ocean surface reflectance for considering refraction and neglecting 
refraction and for several solar zenith angles. Also shown are the downward and upward irradiance 
differences at the ocean surface between considering and neglecting refraction, AF± = — FWore/.i,
A F f = Frc/ r.t — FVore/.t- The same atmosphere and ocean models as in Figure 2.6 are used.
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F igure 2.8 Distributions of the downward and the upward irradiances with height in the atmosphere 
and with depth in the ocean as well as the results of neglecting refraction and their relative deviation. 
Bo =  30°, A =  500nm .
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face. Although the error is large in the deep ocean, the radiation field is already 
significantly attenuated there.
Figure 2.10 shows the azimuthally-averaged radiance distribution just above 
and just below the ocean interface. Again results obtained by ignoring refrac­
tion are also displayed. The results indicate th a t refraction significantly alters 
the radiance distribution. Just below the ocean surface, the downward radiance 
discontinuity position shifts from the horizontal direction for the case of no re­
fraction to the critical angle direction when refraction is included. The refraction 
also significantly changes the upward radiation field just above the ocean surface. 
Knowledge of the radiance distribution here is particularly im portant for correct 
interpretations of intensity measurements in rem ote sensing applications.
All the quantities computed above (Figures 2.6 to 2.10) are accurate to within 
1%. To obtain this accuracy, a stream ratio of 6/10 (6 streams in the atmosphere, 
10 streams in the ocean ) was applied in these calculations, while a ratio of 40/70 
is used for Figure 2.10 but only for the purpose of obtaining enough points to plot 
a smoother curve.
2.4 Com parison W ith O ther M odels for U nder­
w ater Light Com putations
The present model has recently been compared with six other models which ap­
proached the radiative transfer problem in the atmosphere-ocean system with dif­
ferent m ethods [Mobley et al., 1993]. These include five Monte Carlo models and a 
model using an invariant imbedding technique. Several canonical (standard) prob­
lems of different complexities were defined for the comparison of results produced 
by these radiative transfer models. Models claiming to incorporate the air-water
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Mean Intensity ( w a t t / m y ^ m / S r )
F igure 2.9 Distribution of the total mean intensity (total scalar irradiance/47r) with height in the 
atmosphere and depth in the ocean as well as the result of neglecting refraction and its relative deviation. 
0O =  30°, A =  500nm .
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Horizon Critical Angle
P o la r A ng le  (d e g re e )
P o la r A ng le  (d e g re e )
F igure 2 .10  Distributions of the azimuthally-averaged intensity (radiance) for the refractive case 
(n =  1.33) and the non-refractive case (n =  1.0). Qa =  30°, A =  500nm . (a) Just below the ocean 
surface; (b) Just above the ocean surface .
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boundary correctly and to provide realistic simulations of the oceanic optical en­
vironment should be able to solve these problems with acceptable accuracy. The 
comparison included not only irradiances and radiances, but also the execution 
time for different problems. The problems defined for comparison cover the ex­
trem e range of oceanic inherent optical properties: single scattering albedo (a) 
from 0.2 to 0.9, representing a highly absorbing case and a  highly scattering case; 
phase functions for pure Rayleigh and pure particulate scattering; and the presence 
of strong vertical stratification in the ocean. A typical oceanic phase function with 
strongly forward-peaked scattering was adopted for particulate scattering. The de­
tailed specification of these canonical problems was given in the paper by Mobley 
et al. [1993]. Briefly, problem 1 is an unrealistically simple problem, where only 
the Rayleigh scattering is considered; problem 2 used realistic optical properties 
for seawater and was designed to test the models’ abilities to handle realistic phase 
functions under both highly scattering and highly absorbing cases; problem 3 is 
designed to test the models’ abilities to compute light fields in highly stratified 
water with vertically varying hydrosol (chlorophyll) concentration distributions; 
problem 4 considers atmospheric effects; problem 5 consider the effects of a wind- 
roughened sea surface; and problem 6 imposes a finite-depth bottom. Because the 
detailed comparison results were demonstrated in the figures and tables in Mobley 
et al. [1993], they will not be repeated here. Instead, I will present the aver­
age values from all the models and compare them  with those from our model for 
some of the problems to illustrate the performance of our model. The results are 
shown in Table 2.1, here F~  and Ead are the downward irradiance and the upward 
scalar irradiances respectively, as defined in (2.19) and (2.22), and Iu represents 
the nadir-viewing radiance as seen by a sensor pointed straight down.
The radiance distribution at selected ocean depths for problem 2 was also com­
pared. Figure 2.11 shows the results of radiance distribution in the plane of the
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T able 2.1 Average Values of F  , E ou and I u Computed by Different Models at Selected Depths for 
the Problems Defined in Mobley et al. [1993] and Comparisons With Values From the Present Model .
O p t i c a l
D e p t h
A v e r a g e  V a l u e V a l u e  F r o m  D O M D i f f e r e n c e  ( % )
F~ Eou In F ~  E ou Iu F~ Eou Iu
Problem, 1, a —0.9 (N= 7)
1 3 . 6 6 - 1 3 . 7 2 - 1 4 . 8 5 - 2 3 . 6 6 - 1  3 . 7 3 - 1 4 . 8 8 - 2 0 . 0 0 . 3 0 . 6
5 4 . 3 3 - 2 4 . 3 5 - 2 5 . 5 9 - 3 4 . 3 3 - 2  4 . 3 5 - 3 5 . 7 9 - 3 0 . 0 0 . 0 3 . 6
1 0 3 . 1 6 - 3 3 . 2 0 - 3 4 . 3 7 - 4 3 . 1 5 - 3  3 . 1 6 - 3 4 . 2 1 - 4 0 . 3 1 . 3 3 . 7
Problem 1, a=0.2 (N= 7)
1 1 . 4 1 - 1 1 . 3 4 - 2 1 . 7 2 - 3 1 . 4 2 - 1  1 . 3 4 - 2 1 . 7 1 - 3 0 . 4 0 . 0 0 . 6
5 1 . 0 7 - 3 1 . 0 0 - 4 1 . 3 7 - 5 1 . 0 7 - 3  9 . 9 2 - 5 1 . 3 0 - 5 0 . 0 0 . 8 5 . 1
1 0 2 . 9 3 - 6 3 . 0 0 - 7 3 . 3 9 - 8 3 . 0 3 - 5  2 . 7 0 - 7 3 . 7 5 - 8 3 . 4 1 0 . 0 1 0 . 6
Problem 2, a=0.9 (N=7)
1 4 . 1 3 - 1 9 . 3 1 - 2 6 . 9 9 - 3 4 . 1 4 - 1  9 . 4 1 - 2 6 . 8 9 - 3 0 . 2 1 . 1 1 . 4
5 1 . 8 7 - 1 4 . 6 3 - 2 3 . 2 6 - 3 1 . 8 7 - 1  4 . 6 6 - 2 3 . 1 3 - 3 0 . 0 0 . 7 3 . 9
1 0 6 . 8 5 - 2 1 . 6 5 - 2 1 . 2 1 - 3 6 . 8 5 - 2  1 . 6 5 - 2 1 . 1 4 - 3 0 . 0 0 . 0 5 . 8
Problem 2, a=0.2 (N=7)
1 1 . 6 2 - 1 9 . 6 6 - 4 5 . 4 7 - 5 1 . 6 2 - 1  9 . 7 2 - 4 5 . 7 6 - 5 0 . 0 0 . 6 5 . 3
5 2 . 2 7 - 3 1 . 3 7 - 5 6 . 2 4 - 7 2 . 2 8 - 3  1 . 3 5 - 4 7 . 9 6 - 7 0 . 4 1 . 5 2 7 . 6
1 0 1 . 3 0 - 5 7 . 2 8 - 8 4 . 0 2 - 9 1 . 3 1 - 5  7 . 0 1 - 8 4 . 5 4 - 9 0 . 8 3 . 7 1 2 . 9
Problem 3 (N=6)
5  m 2 . 3 0 - 1 4 . 3 4 - 2 3 . 1 3 - 3 2 . 3 0 - 1  4 . 4 0 - 2 3 . 0 2 - 3 0 . 0 1 . 4 3 . 5
2 5  m 1 . 6 2 - 3 2 . 8 6 - 4 2 . 1 2 - 5 1 . 6 3 - 3  2 . 9 2 - 4 2 . 0 1 - 5 0 . 6 2 . 1 5 . 2
6 0  m 5 . 2 3 - 5 5 . 1 3 - 6 3 . 5 7 - 7 5 . 1 2 - 5  5 . 1 2 - 6 4 . 2 4 - 7 2 . 1 0 . 2 1 8 . 8
Problem 6 (N=3)
1 1 . 6 2 - 1 9 . 8 1 - 4 6 . 8 4 - 5 1 . 6 2 - 1  9 . 9 3 - 4 6 . 9 4 - 5 0 . 0 1 . 2 1 . 5
5 2 . 2 8 - 3 2 . 2 8 - 3 3 . 6 0 - 4 2 . 2 8 - 3  2 . 2 8 - 3 3 . 6 3 - 4 0 . 0 0 . 0 0 . 8
N  i s  t h e  n u m b e r  o f  m o d e l s  i n c l u d e d  i n  t h e  a v e r a g e s .  T h e  n o t a t i o n  3 . 6 6 - 1 ,  f o r  e x a m p l e ,  m e a n s  
3 . 6 6 X  1 0 - 1 .
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sun at depths of r= 0 , 5, and 20 in the ocean for problem 2. Where the solid lines 
represent the results from our model, and the dashed lines represent the average 
of all the other models. The data set resulting from other models was kindly 
provided by Mobley [personal communication, 1994]. Direction ($v, 4>v) in Figure 
2.11 gives the viewing direction, i.e., the direction an instrum ent points to  detect 
photons traveling in the (9 = 180° — 6V, <j> = 180° + 4>v) direction. Thus, 6V = 180° 
corresponds to looking straight up and seeing photons heading straight down; the 
nadir radiance, Lu, of Table 2.1 is the value plotted at 6V = 0°. The sun is in the 
<f>v =  0° half-plane.
The large spike in the radiance near (0V, <frv)=(140°, 0°) is the refracted solar 
beam. The noticeable radiance difference and Bv offset in the position of the 
plotted peak radiance occurs because all the other models calculate radiance in 
a grid of quadrilateral regions and choose their quad boundaries differently. The 
radiance values are plotted at the 0V values of the quad centers and plotted points 
are connected by straight lines. Because the present model computes radiances 
in specific directions, rather than quad-averaged radiances as the other models 
do, the solid lines show a more pronounced spike in the radiance near the solar 
direction, and more pronounced changes near the critical angle. The higher angular 
resolution used in the present model also produces a much narrower peak. The 
angular quadrature points are clustered near the critical angle and near the horizon, 
to get increased resolution in regions where the radiance varies rapidly with polar 
angle.
The computer resources required for each problem were also compared, showing 
that the present model is especially efficient for the computations of irradiances 
and azimuthally averaged radiances. Comparison of the asymptotic radiances and 
the asym ptotic diffuse attenuation coefficient were also carried out, and show a 
very good agreement between the present results with those from other models.
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0
F igure 2.11 Radiance distribution in the plane of the sun for problem 2 in Mobley [1993] and a 
comparison with the average of the other models. Angles (9V, <pv ) are viewing directions: 6V =  180° — 6 
and 4>v =  180° +  <f>, where (9, <f>) are the directions of photon travel .
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These will not be discussed here.
2.5 Sum m ary
A comprehensive methodology has been developed, based on the discrete ordinate 
method, for solving the radiative transfer equation pertinent to a  system consist­
ing of two strata  with different indices of refraction. The m ethod is well suited 
to provide consistent solutions of the radiative transfer problem for the coupled 
atmosphere-ocean system. The refraction and total reflection at the interface of 
the two s tra ta  have been taken into account by assigning different numbers of an­
gular quadrature points (discrete ordinates or ‘stream s’) in the atmosphere and the 
ocean. Thus, interpolation at the interface between two media is entirely avoided, 
and the radiation field both in the atmosphere and the ocean can be efficiently 
solved simultaneously. The vertical inhomogeneity of the atmosphere and ocean 
can be accounted for by dividing each stratum  into a suitable number of homo­
geneous layers and considering the optical properties to be constant within each 
layer but varying from layer to layer.
Test results show th a t the solution conserves energy and is both reliable and 
efficient. The accuracy depends on the number of ‘stream s’ utilized to discretize 
the angular dependence. Good accuracy for irradiance and mean intensity are ob­
tained with just a few ‘stream s’. Preliminary results obtained from applying these 
procedures to the atmosphere-ocean system show that refraction significantly af­
fects both the radiation field and the radiative energy absorption in both the 
atmosphere and ocean. A more realistic quantification of the radiation field in the 
atmosphere and ocean environment can be simulated when actual optical proper­
ties of the atmosphere, including clouds and aerosols, and of the ocean, including 
particulates versus depth, are available. The radiative transfer model presented
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
in this chapter provides a means for estimating light reflection, transmission and 
heating and cooling rates, and for studying the radiative interaction between the 
atmosphere and the ocean.
Based on the results presented above, we can conclude that the radiative trans­
fer model for the coupled system has correctly incorporated the mathem atical rep­
resentations of the relevant radiative processes (absorption and scattering) and 
of the effects of the air-water boundary. The solution of the radiative transfer 
problem in the coupled system is both accurate and reliable.
48
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C h apter 3
A p p lica tion  to  th e  S tu d y  o f  Solar 
E n ergy  D istr ib u tion  in  th e  
A tm osp h ere-S ea  Ice-O cean  
S y stem
Polar sea ice plays an im portant role in the global climate system. Solar radiation
is the dominant energy component controlling the heat and mass balance of sea
ice in the polar regions. On the other hand, sea ice is a critical component in
controlling the transfer and partitioning of radiation in the entire atmosphere, sea
ice and ocean system. To understand the interaction between the atmosphere, sea
ice, and ocean, it is necessary to investigate factors tha t affect the disposition of
the solar radiation within this coupled system, such as the amount of the solar
radiative energy stored in the interior of the ice, transm itted into the ocean, and
° T h i s  c h a p t e r  i s  b a s e d  o n  m a t e r i a l  p u b l i s h e d  a s  Z .  J i n ,  K .  S t a m n e s ,  W .  W e e k s  a n d  S . - C .  T s a y ,  
T h e  e f f e c t s  o f  s e a  i c e  o n  t h e  s o l a r  e n e r g y  b u d g e t  i n  t h e  a t m o s p h e r e - s e a  i c e - o c e a n  s y s t e m :  A  m o d e l
s t u d y ,  J. Geophys. Res., 99, 2 5 , 2 8 1 - 2 5 , 2 9 4 , 1 9 9 4 .
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reflected back to the atmosphere. Because of the unique and im portant role played 
by sea ice in the solar energy distribution in the coupled system, it is im portant 
th a t this natural medium receive considerable attention.
Numerous theoretical and experimental studies have been carried out to inves­
tigate the absorption and scattering of solar radiation by sea ice [e.g., Grenfell and 
Maykut, 1977; Grenfell, 1979, 1991; Buckley and Trodahl. 1987] and the penetra­
tion of radiation into the ocean [Perovich and Maykut, 1990; Maykut and Grenfell, 
1975]. Studies of the role of solar radiation in the heat and mass balance of sea 
ice [Untersteiner, 1961; Langleben, 1966; Shine and Crane, 1984] have shown the 
im portance of solar radiative energy on sea ice decay. While the direct effects of 
the incoming solar radiation on the heat and mass balance of the ice are now well 
understood and are fairly easy to treat in models, relatively little is known about 
the quantitative partitioning of the absorbed radiation among the atmosphere, 
sea ice, and ocean and the effects of the ice state and clouds on this partitioning 
of energy. In this chapter, I will apply the radiative transfer model described in 
Chapter 2  to study the radiative transfer process in the coupled atmosphere-sea 
ice-ocean system and to assess quantitatively how the physical properties of the 
ice affect the disposition and partitioning of the solar radiative energy within the 
atmosphere, the sea ice, and the ocean, within the various layers in the ice, and 
within the system as a whole. The effects of clouds, surface snow cover, and sur­
face melt ponds on the absorption and distribution of solar energy in the coupled 
system will also be investigated.
3.1 Input Param eterizations
The solution of the radiative transfer equation for non-uniformly refracting media 
can be directly used for the atmosphere, sea ice and ocean system. Figure 3.1
50
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Atmosphere
(Clouds, aerosols)
Sun
M-0 F 0
X =  0
X =  X
Ocean
-------------------------------------------------------------  x = x *
F igu re 3.1 Schematic diagram of the coupled radiative transfer model for the atmosphere-sea ice-ocean 
system.
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shows a schematic diagram of radiative transfer in this coupled system. To com­
pute the radiative quantities, we need to specify either the optical properties in 
every layer or the appropriate physical parameters from which one may derive the 
optical properties. In addition, we have to specify the bottom  and top boundary 
conditions. The bottom  boundary condition refers to  the reflecting property of the 
bottom  surface, i.e., the seafloor. As most areas of the polar oceans can be consid­
ered optically infinite in depth, the bottom boundary is not particularly im portant 
in this study, and assuming it to be a Lambertian surface with any assumed albedo 
is sufficient. The top boundary condition required is the incident solar spectrum 
and the solar elevation. The observational data describing the solar spectrum at 
the top of the atmosphere used here is from Coulson [1975] .
3.1.1 O ptical Properties for A tm osphere, C louds, Snow  
and Ocean
W ithin the atmosphere we consider the absorption and scattering by atmospheric 
gases, clouds, and aerosols [Tsay et al., 1989]. Although molecular (Rayleigh) 
scattering is dominated by nitrogen and oxygen gases which constitute more than 
99% of the E arth’s atmosphere, molecular absorption is dominated by trace gases, 
mainly water vapor, carbon dioxide, and ozone. The absorption by other minor 
trace gases is not considered in this study. To account for the total solar energy, one 
must integrate over the entire solar spectrum, a spectral region where numerous 
absorption lines of atmospheric gases exist [Rothman et al., 1987]. As a result, in­
corporation of the line structures into a multiple-scattering radiative transfer code 
will result in a very time consuming computation. To maximize computational 
efficiency, parameterization of gaseous absorption over a spectral region contain­
ing many lines is necessary when absorption is included in a multiple-scattering
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
scheme. Therefore the method called exponential-sum fitting of transmissions 
(ESFT) has been adopted.
The ESFT method approximates the transmission function of a given spectral 
region by a finite sum of M  exponential terms as follows [Hunt and Grant, 1969; 
Wiscombe and Evans, 1977]:
M
T(u)  =  ^ tn ,e x p ( —6,u) (3.1)
i=l
where T  represents the band transmission function and u denotes the equivalent 
absorber amount. The b,• are the equivalent absorption coefficients and the Wi are 
the associated weights. The b,u behave like monochromatic optical depths which 
can easily be incorporated into the multiple-scattering scheme. The main virtue 
of the ESFT method is that it reduces the nongray radiative transfer problem 
involving integration over a finite spectral interval (for which Beer’s law does not 
apply) to a series of monochromatic problems. Also, the overlap of absorbing gases 
can be easily treated due to the multiplicative property of the transmission [Goody 
and Yung, 1989].
The optical properties of Arctic clouds are parameterized in terms of the equiv­
alent radius R E  and the liquid water content L W C  of the cloud as follows [Slingo, 
1989; Tsay et al., 1989]:
a = c i + c2R E  (3.2a)
g =  C3 +  C4 R E  (3.2b)
f ie x t /L W C  =  c 5  T  cqJRE  ( 3 . 2 c )
where a, g, and /3ext are the single-scattering albedo, the asymmetry factor of
scattering, and the extinction coefficient respectively. The c,- terms are param ­
eterized coefficients determined from numerical fitting of these equations to the 
optical properties obtained by Mie computations [Tsay et al., 1989]. Although
53
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a more accurate parameterization of the optical properties of clouds is available 
[Hu and Stamnes, 1993], the simpler parameterization used here is believed to  be 
adequate for the small equivalent droplet radii prevailing in the Arctic.
The optical properties of snow, including possible soot contamination, are also 
obtained through Mie computations, which require the refractive index of ice/soot 
and the mean radius of snow and soot particles as input. Here we have utilized the 
models of Wiscombe and Warren [1980] and Warren and Wiscombe [1980], whose 
results for computed snow albedo agree well with the available field measurements.
In the ocean, scattering and absorption coefficients of seawater are taken from 
Smith and Baker [1981], who provide values applicable to the 0.2 pm  to 0.8 pm  
region. For wavelengths larger than 0.8 pm , only absorption is considered, because 
the scattering is weak and the absorption is strong. We also neglect particulates 
in the ocean in this study, because of their minor effect on the energy budget in 
the coupled system.
3.1.2  O ptical P roperties for Sea Ice
In sea ice the processes considered include the absorption by pure ice, scattering 
and absorption by brine pockets, air bubbles and solid salts trapped within the 
ice as described by Grenfell [1983, 1991]. To obtain the optical properties for bulk 
sea ice, the relative amounts of each component in the ice have to be determined. 
Based on the work by Cox and Weeks [1983], the brine volume fraction (H r), the 
air volume fraction (Hu), and the solid salt volume fraction (Hs) can be related to 
the ice salinity (5), tem perature (T ), bulk density (p), brine density (p&) and pure 
ice density (p,) due to the phase equilibrium constraints. The following formulas, 
which are applicable from —2°C to — 30°C [Cox and Weeks, 1983] are used in this
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study:
Vbr = p S /F 1(T) (3.3a)
Ku =  1 -  -  +  pSF 2(T ) /F 1(T) (3.3b)
Pi
Vss =  C(T)pbVbr/ps. (3.3c)
The dependence of brine density pb on the salinity and the pure ice density on the 
tem perature is expressed as
pb( M g /m 3) = 1.0 +  0.00085&(%o) (3.4a)
P i { M g / m 3) = 0.917 -  1.403 x 10~4T{°C) (3.4b)
The density of solid salt ps is taken to be a constant 1.5M g /m 3. The brine volume 
is assumed to be zero (completely frozen) below —30°C' and the term s i 'i(T ) , F2(T )
and C ( T ) are parameterized functions of tem perature (see Cox and Weeks [1983]
for details) th a t are determined from the phase equilibrium table of Assur [1958] 
which, in turn, is based on the experimental results of Nelson and Thompson [1954]. 
The fact tha t the phase equilibrium table of Assur is in good agreement with 
experimentally observed brine volumes (at temperatures warmer than -40°C) has 
been dem onstrated by direct comparisons with NMR measurements of the relative 
w ater content in sea ice [Richardson and Keller, 1966]. The advantage of the Cox 
and Weeks equations is th a t they are simple to utilize in a com putational model 
such as that employed in the present study. However the results are identical to 
results obtained earlier by Anderson [1958] and, in principle, similar to an approach 
used even earlier by Zubov [1945]. *
The absorption coefficient for pure ice is based on the data sets reported by 
Grenfell and Perovich [1981] and Warren [1984]. The optical properties of the 
brine pockets, air bubbles, and solid salts are obtained from Mie calculations with 
assumed spherical shapes. Unfortunately, field observations on size distributions
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
for these inclusions are few. Therefore we have assumed values th a t appear reason­
able. The size distribution for air bubbles is represented by a power law [Grenfell,
1983]
N (r)  =  Nor~1'24 (3.5)
where the upper and lower limits of 2 mm and 0.1 mm were used. The constant 
No can be derived from the integration of the air volume over the size distribution 
together with the Cox and Weeks equation (3.3b). The solid salts are assumed to be 
monodisperse with radii of 10 pm. As might be expected, the solid salt contribution 
only becomes significant at ice tem peratures below the crystallization tem perature 
of NaCl-2 H2 0  (-22.9°C). Only one measurement on the size distribution of brine 
pockets has been reported by Perovich and Gow [1991] for young sea ice, but 
the lower and upper size limits and their relation with salinity and tem perature 
were unknown. Grenfell [1991] assumed a constant number concentration of 10 
per cubic millimeter and a monodisperse distribution. As this assumption could 
overestimate brine scattering if the salinity is low, we will assume a uniform size 
distribution with a number concentration of 0.65' per cubic millimeter (S  is the 
salinity in per mil) to coincide with the observational brine pocket size (typically 
tenths of a millimeter). This size distribution also causes the rate of change of the 
radius with tem perature to approximately agree with the correlation length change 
with tem perature observed by Perovich and Gow [1991]. As ice warms, the size 
distribution used here permits growth in the size of the brine pockets but ignores 
the merging of brine inclusions, which may decrease the scattering. Owing to the 
large particle size and the anomalous scattering resulting from the similarity in 
the refractive indices of ice and brine, the phase functions of brine pockets always 
show an extremely strong forward scattering peak. Therefore most of the scattered 
light is concentrated in a very small cone around the forward direction and can be 
added back to the incident radiation, so that the actual scattering coefficient can be
56
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scaled down dramatically. In addition, although an increase in brine pocket size will 
increase the extinction and scattering coefficients, this change will also strengthen 
the forward scattering, which actually reduces the scattering effectiveness. These 
factors make the error in radiation computation resulting from the uncertainty in 
brine size distribution much smaller than might be expected. As a example, Figure
3.2 shows the scattering phase functions computed at a wavelength of 500 nm for 
three different brine size distributions. Because the size of the brine inclusions is 
much larger than the wavelength, the phase function shows little variation as the 
brine size distribution changes.
Each component in the sea ice interacts differently with radiation. Pure ice 
acts mainly as an absorber. Although air bubbles and brine pockets both scatter 
light strongly, air bubbles scatter more effectively, while brine pockets also absorb 
radiation. The optical properties of the sea ice depend on the volume occupied by 
each component. Relations represented by Eq. (3.3a) and Eq. (3.3b) are plotted 
in Figure 3.3, which shows that the fractional volume of air is sensitive to bulk 
ice density, but not to ice salinity, while the fractional volume of brine is sensitive 
to the ice salinity and temperature, but not to the ice density. Therefore, when 
the air volume instead of ice density is the directly available input param eter, the 
brine volume calculated from Eq. (3.3a) based on an approximated density should 
still be accurate enough.
3.2 T he Radiative Energy Budget in th e A tm o­
sphere, Sea Ice and Ocean System
For solar radiation the spectral region considered here is from 0.25 ^m  to 4.0 pm ,  
which includes approximately 99% of the total solar radiation energy incident at
57
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S c a t te r in g  Angle
F igure 3.2 Phase function of brine pockets for three different size distributions, (i) monodisperse with 
radius of 0.1 mm; (ii) monodisperse with radius of 0.5 mm; (iii) power law distribution with lower and 
upper limits of 0.1 mm and 3 mm. Wavelength for these examples is 500 nm .
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Fraction Volume of Brine and Air as a Function of Ice Density and Salinity
0 .2 0  ' r
0.15
0.10
0.05
n on I . i
0.86 0.88 0.90 0.92
p  (M g /m 3) S (%0)
F igu re 3.3 Fraction volumes of brine and air in sea ice as a function of ice density and salinity .
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the top of the atmosphere. In this study the solar spectrum is divided into 24 bands 
and the ESFT method described earlier is adopted to simulate the absorption by 
water vapor, carbon dioxide, oxygen, and ozone in each band. For test purposes 
we have taken the profiles of pressure, gaseous concentrations in the atmosphere 
from the McClatchey et al. [1972] model atmosphere for the sub-arctic summer and 
divided the atmosphere into 25 layers. These profiles of atmospheric properties are 
shown in Figure 3.4. For sea ice, although modeled salinity profiles are available 
[Cox and Weeks, 1988; Eicken, 1992], an adequate treatm ent of density profile 
variations does not exist. Therefore, we will, as a first approximation, assume that 
although the density and salinity may change with thickness, for a given thickness 
these values are constant throughout the ice sheet. We will also assume that there is 
a linear tem perature profile with the bottom tem perature of the ice fixed at —2°C. 
Although this is known to be an excellent approximation for young ice types, as 
sea ice thickens non-linear effects become increasingly common [Maykut, 1978]. 
The ice is divided into three to seven layers in the following studies, depending on 
ice properties. In the ocean we will neglect vertical variations in the properties of 
seawater and consider it as one homogeneous layer.
3.2 .1  Spectral R adiative A bsorption
The first test is for ice with thickness 3.0 m, salinity 3% 0 , density 0.90 M g/m 3 
and surface tem perature — 10 °C, approximately the ice surface tem perature in the 
middle of May and September observed in the central Arctic [Maykut, 1978]. For 
this ice model, which can be considered to be representative of multiyear ice, the 
single-scattering co-albedo (the ratio of the absorption coefficient and extinction 
coefficient) in the 24 spectral bands at three depths in the ice is shown in Figure 3.5, 
which indicates strong absorption in the infrared part of the solar spectrum and
60
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T e m p e ra tu re  (°K) A ir D ensity ( g / m 3)
W ater v a p o r d e ns ity  ( g / m 3) O zone d e n s ity  ( g / m 3)
F igure 3 .4  Profiles of temperature and gas concentrations as a function of pressure for the McClatchey 
subarctic summer atmosphere model .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
62
relatively weak absorption in the visible region. Figure 3.6 shows the net fluxes in 
the 24 spectral bands at various levels and with a solar zenith angle of 60°. The net 
(downward) flux is defined as the difference between the downward and upward 
fluxes (irradiances) as given by (2.23). Therefore the vertical distance between 
any two curves represents the radiation energy absorbed by a column with unit 
cross-sectional area between the corresponding two levels, and the area beneath 
the bottom  line represents the absorption of radiation by the ocean. Figure 3.6 
indicates that much of the solar radiation will be absorbed within the uppermost 
0 .1  m of the ice and the absorption also varies greatly as a function of wavelength, 
which is well correlated with the single-scattering co-albedo shown in Figure 3.5. 
Only the visible radiation can penetrate into the deeper layers of the ice and into 
the ocean.
For the same conditions as in Figure 3.6 (top) panel, but including a layer of 
Arctic stratus cloud in the atmosphere, the bottom  panel in Figure 3.6 shows that 
the absorption by the atmosphere is increased, especially at the longer wavelengths, 
due to the cloud absorption. Consequently, absorption by the ice and by the ocean 
will decrease in every spectral band, especially in the upper layer of the ice. On 
the basis of observational data [Herman and Curry, 1984; Tsay and Jayaweera,
1984], the cloud used here has an equivalent droplet radius of 7 fim  and a water 
content of 0.2 g /m 3. The cloud base is assumed to occur at a height of 700 m 
with a thickness of 300 m, representative of mean observational values for Arctic 
stratus.
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0 1 2
W avelength  (yttrn)
3 4
F igu re 3.5 The single-scattering co-albedo at three levels for ice with thickness of 3.0 m, density of 0.9 
M g/m3, salinity of 3°/00 , and surface temperature of -10°C .
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Net Flux at Various Levels fo r  Clear Sky Conditions
W ave le n g th  ( / /m )
Net Flux a t Various Levels fo r  Cloudy Sky Conditions
W a ve le n g th  (/j.m )
F igure 3 .6  Spectral distribution of net flux at various levels for (top) clear sky and (bottom) cloudy 
sky conditions .
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3.2 .2  A bsorption  and Partitioning o f Solar Energy in th e  
A tm osphere-Sea Ice-Ocean System
Next we use the same models for the atmosphere, cloud, sea ice, and ocean as in 
Figure 3.6, but change the ice thickness to 2 m and the ice salinity to 5% 0 , values 
representative of average salinity for thick, first-year ice [Cox and Weeks, 1988]. 
Table 3.1 quantitatively shows the distribution of the absorbed radiative energy 
by the atmosphere, ocean and various sublayers of the ice under both clear and 
cloudy sky conditions for this situation. The values in the second column rep­
resent the total amount absorbed by the entire atmosphere-sea ice-ocean system. 
The total solar absorption is obtained by integration over the 24 spectral bands 
ranging from 0.25 fim  to 4.0 fim, and the total visible absorption is the integral 
over 12 spectral bands ranging from 0.28 //m to 0.78 n m. The energy absorbed by 
different layers and its percentage of the total (values in the parentheses) are listed 
in the rest of the columns. The data in Table 3.1 show th a t the total disposition 
of the solar radiation in the entire atmosphere-sea ice-ocean system is sensitive to 
bulk ice density (i.e., the amount of air included in the ice). This is especially true 
for visible radiation, which experiences a twofold increase under clear sky condi­
tions when the ice density increases from 0.86 M g/m 3 to 0.92 M g/m 3. However, 
the presence of a cloud drastically reduces this sensitivity. The cloud also reduces 
the total absorption in the coupled system, because the cloud reflects more solar 
radiation back to space. The total system albedo is increased from 0.53 under a 
clear sky to 0.69 under a cloudy sky for the cloud used here and for the ice density 
of 0.86 M g/m 3 (from 0.46 to 0.67 for ice density 0.90 M g/m 3). Although the total 
radiative absorption in the whole system increases with ice density, the percent­
age of absorption by the atmosphere decreases, and consequently the amount of 
absorption in the atmosphere remains almost unchanged. In fact, the atmospheric
65
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absorption decreases slightly with increasing ice density. The explanation for this 
is that less dense ice includes more air bubbles, which scatter and thereby reflect 
more radiation back to the atmosphere. Under clear sky conditions the top layer 
in the ice acts as a main absorber with the uppermost 1 cm of the ice absorbing 
more than 2 0 % of the total radiative energy deposited in the whole atmosphere-sea 
ice-ocean system. Clouds significantly reduce both the amount and the percentage 
absorbed by the top layer of the ice, because most of the infrared part of the solar 
radiation has been absorbed and reflected by the cloud before it reaches the ice 
surface. Owing to less backscattering because of fewer air bubbles, denser ice also 
results in more transmission of radiation into the ocean and therefore produces 
higher absorption in the seawater under the ice. The sensitivity of this absorption 
by the ocean to the ice density is also reduced by clouds.
Similar to Table 3.1, Table 3.2 shows the partitioning of the absorbed solar 
radiation in the atmosphere-sea ice-ocean system for different ice salinities but with 
a fixed ice density of 0.9 M g/m3. These results show th a t the total absorption of 
solar radiation in the whole system decreases as the ice salinity increases and that 
this sensitivity is reduced by the presence of clouds. The atmosphere contributes 
more to the total radiative absorption as the ice salinity increases, because high 
salinity means more brine in the ice and therefore more brine pockets acting as 
scatterers, increasing the amount of reflected radiation. As the light propagates 
into the deeper layers of the ice and into the ocean, both the amount and the 
percentage of the radiative absorption in these layers do not show nearly as strong 
a dependence on the salinity as they do on the density, as was dem onstrated in 
Table 3.1. This is due to the different scattering and absorptive properties of brine 
pockets and air bubbles. Brine pockets are stronger forward scatterers than air 
bubbles, and, in addition, they also act as absorbing bodies.
Table 3.3 shows the distribution of the total solar radiation absorbed by the
66
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T able 3.1 The Amount of Solar Energy Absorbed by Various Layers and Its Percentage of the Total 
for Different Ice Densities .
T o t a l A b s o r p t i o n  i n  V a r i o u s  L a y e r s  a n d  I t s  P e r c e n t a g e  o f  t h e  T o t a l
D e n s i t y , A b s o r p t i o n , I c e
M g / m 3 W / m 2 A t m o s p h e r e 0 - 1  c m 1 - 1 0  c m 0 . 1 - 1  m 1 - 2  m O c e a n
Visible (0.28 - 0.78 Clear Sky
0 . 8 6 6 2 . 6 2 1 . 4 ( 3 4 ) 1 . 5 ( 2 . 4 ) 1 0 . 4 ( 1 7 ) 2 3 . 1 ( 3 7 ) 3 . 1 ( 4 . 9 ) 3 . 0 ( 4 . 8 )
0 . 8 8 7 3 . 2 2 1 . 1 ( 2 9 ) 1 . 8 ( 2 . 4 ) 1 2 . 5 ( 1 7 ) 2 9 . 9 ( 4 1 ) 3 . 3 ( 4 . 5 ) 4 . 6 ( 6 . 3 )
0 . 9 0 9 0 . 5 2 0 . 8 ( 2 3 ) 2 . 0 ( 2 . 2 ) 1 4 . 7 ( 1 6 ) 4 1 . 0 ( 4 5 ) 4 . 4 ( 4 . 9 ) 7 . 6 ( 8 . 4 )
0 . 9 2 1 2 7 . 7 2 0 . 0 ( 1 6 ) 1 . 9 ( 1 . 5 ) 1 6 . 0 ( 1 3 ) 6 1 . 6 ( 4 8 ) 9 . 7 ( 7 . 6 ) 1 8 . 4 ( 1 4 . )
Total (0.25 -4 -0  pm ), Clear Sky
0 . 8 6 3 1 5 . 1 1 1 4 . 9 ( 3 6 ) 8 7 . 9 ( 2 8 ) 7 2 . 2 ( 2 3 ) 3 4 . 0 ( 1 1 ) 3 . 1 ( 1 . 0 ) 3 . 0 ( 1 . 0 )
0 . 8 8 3 3 4 . 5 1 1 4 . 3 ( 3 4 ) 8 9 . 3 ( 2 7 ) 7 9 . 5 ( 2 4 ) 4 3 . 5 ( 1 3 ) 3 . 3 ( 1 . 0 ) 4 . 6 ( 1 . 4 )
0 . 9 0 3 6 1 . 8 1 1 3 . 5 ( 3 1 ) 8 9 . 8 ( 2 5 ) 8 6 . 8 ( 2 4 ) 5 9 . 7 ( 1 7 ) 4 . 4 ( 1 . 2 ) 7 . 6 ( 2 . 1 )
0 . 9 2 4 1 1 . 6 1 1 2 . 2 ( 2 7 ) 8 8 . 2 ( 2 1 ) 9 0 . 8 ( 2 2 ) 9 2 . 1 ( 2 2 ) 9 . 8 ( 2 . 4 ) 1 8 . 5 ( 4 . 5 )
Visible (0.28 - 0.78 /im), Cloudy Sky
0 . 8 6 5 0 . 4 2 1 . 5 ( 4 3 ) 0 . 9 ( 1 . 8 ) 6 . 7 ( 1 3 ) 1 6 . 2 ( 3 2 ) 2 . 5 ( 5 . 0 ) 2 . 5 ( 5 . 1 )
0 . 8 8 5 6 . 3 2 1 . 3 ( 3 8 ) 1 . 0 ( 1 . 8 ) 7 . 6 ( 1 4 ) 2 0 . 0 ( 3 5 ) 2 . 6 ( 4 . 5 ) 3 . 8 ( 6 . 7 )
0 . 9 0 6 5 . 2 2 1 . 1 ( 3 2 ) 1 . 0 ( 1 . 6 ) 8 . 2 ( 1 3 ) 2 5 . 7 ( 3 9 ) 3 . 2 ( 4 . 9 ) 6 . 0 ( 9 . 1 )
0 . 9 2 8 1 . 4 2 0 . 8 ( 2 6 ) 0 . 8 ( 1 . 0 ) 7 . 4 (  9 ) 3 3 . 6 ( 4 1 ) 5 . 9 ( 7 . 2 ) 1 2 . 9 ( 1 6 . )
Total (0.25 - 4-0 fJ-m), Cloudy Sky
0 . 8 6 2 1 0 . 2 1 3 2 . 9 ( 6 3 ) 2 0 . 2 ( 9 . 6 ) 3 0 . 8 ( 1 5 ) 2 1 . 3 ( 1 0 ) 2 . 5 ( 1 . 2 ) 2 . 5 ( 1 . 2 )
0 . 8 8 2 1 7 . 7 1 3 2 . 6 ( 6 1 ) 2 0 . 2 ( 9 . 3 ) 3 2 . 5 ( 1 5 ) 2 6 . 0 ( 1 2 ) 2 . 6 ( 1 . 2 ) 3 . 8 ( 1 . 7 )
0 . 9 0 2 2 8 . 3 1 3 2 . 2 ( 5 8 ) 1 9 . 9 ( 8 . 7 ) 3 3 . 5 ( 1 5 ) 3 3 . 5 ( 1 5 ) 3 . 2 ( 1 . 4 ) 6 . 0 ( 2 . 6 )
0 . 9 2 2 4 6 . 3 1 3 1 . 7 ( 5 3 ) 1 8 . 9 ( 7 . 7 ) 3 1 . 2 ( 1 3 ) 4 5 . 6 ( 1 9 ) 5 . 9 ( 2 . 4 ) 1 2 . 9 ( 5 . 2 )
Percentages of the total energy absorbed by different layers are given in parentheses.
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Table 3.2 The Amount of Solar Energy Absorbed by Various Layers and Its Percentage of the Total 
for Different Ice Salinities .
T o t a l A b s o r p t i o n i n  V a r i o u s L a y e r s  a n d  I t s  P e r c e n t a g e  o f  t h e  T o t a l
S a l i n i t y , A b s o r p t i o n , I c e
%o W / m 2 A t m o s p h e r e 0 - 1  c m 1 - 1 0  c m 0 . 1 - 1  m 1 - 2  m O c e a n
Visible (0.28 - 0.78 Clear Sky
2 . 0 1 1 4 . 9 2 0 . 5 ( 1 8 ) 2 . 4 ( 2 . 1 ) 1 9 . 1 ( 1 7 ) 5 8 . 4 ( 5 1 ) 7 . 6 ( 6 . 6 ) 6 . 9 ( 6 . 0 )
6 . 0 8 4 . 0 2 0 . 9 ( 2 5 ) 1 . 8 ( 2 . 2 ) 1 3 . 2 ( 1 6 ) 3 5 . 8 ( 4 3 ) 5 . 5 ( 6 . 5 ) 6 . 8 ( 8 . 0 )
1 0 . 0 7 3 . 9 2 1 . 3 ( 2 9 ) 1 . 4 ( 1 . 9 ) 1 0 . 1 ( 1 4 ) 3 1 . 6 ( 4 3 ) 6 . 0 ( 8 . 2 ) 3 . 4 ( 4 . 5 )
1 4 . 0 7 1 . 9 2 1 . 4 ( 3 0 ) 1 . 4 ( 1 . 9 ) 9 . 5 ( 1 3 ) 3 2 . 8 ( 4 6 ) 5 . 9 ( 8 . 1 ) 1 . 0 ( 1 . 4 )
Total (0.25 - 4-0 nvn.), Clear Sky
2 . 0 3 9 2 . 0 1 1 2 . 9 ( 2 9 ) 9 3 . 0 (  2 4 ) 9 3 . 2 ( 2 4 ) 7 8 . 3 ( 2 0 ) 7 . 6 ( 1 . 9 ) 6 . 9 ( 1 . 8 )
6 . 0 3 5 3 . 3 1 1 3 . 7 ( 3 2 ) 8 8 . 7 (  2 5 ) 8 4 . 5 ( 2 4 ) 5 4 . 1 ( 1 5 ) 5 . 5 ( 1 . 6 ) 6 . 8 ( 1 . 9 )
1 0 . 0 3 3 5 . 2 1 1 4 . 4 ( 3 4 ) 8 5 . 0 (  2 5 ) 7 7 . 6 ( 2 3 ) 4 8 . 8 ( 1 5 ) 6 . 0 ( 1 . 8 ) 3 . 4 ( 1 . 0 )
1 4 . 0 3 2 5 . 6 1 1 4 . 8 ( 3 5 ) 8 2 . 1  (  2 5 ) 7 3 . 0 ( 2 2 ) 4 8 . 8 ( 1 5 ) 5 . 9 ( 1 . 8 ) 1 . 0 ( 0 . 3 )
Visible (0.28 - 0.78 //m j, Cloudy Sky
2 . 0 7 7 . 5 2 0 . 8 ( 2 7 ) 1 . 3 ( 1 . 7 ) 1 0 . 1 ( 1 3 ) 3 5 . 2 ( 4 5 ) 5 . 1 ( 6 . 6 ) 4 . 9 ( 6 . 3 )
6 . 0 6 1 . 6 2 1 . 2 ( 3 4 ) 0 . 9 ( 1 . 5 ) 7 . 4 ( 1 2 ) 2 2 . 5 ( 3 7 ) 4 . 1 ( 6 . 7 ) 5 . 4 ( 8 . 7 )
1 0 . 0 5 7 . 3 2 1 . 4 ( 3 7 ) 0 . 8 ( 1 . 4 ) 6 . 1 ( 1 1 ) 2 1 . 6 ( 3 8 ) 4 . 7 ( 8 . 2 ) 2 . 7 ( 4 . 7 )
1 4 . 0 5 7 . 2 2 1 . 6 ( 3 8 ) 0 . 8 ( 1 . 4 ) 6 . 2 ( 1 1 ) 2 3 . 3 ( 4 1 ) 4 . 5 ( 7 . 9 ) 0 . 8 ( 1 . 4 )
Total (0.25 -  4-0 fJ.m) , Cloudy Sky
2 . 0 2 4 1 . 5 1 3 1 . 9 ( 5 5 ) 2 0 . 8 ( 8 . 6 ) 3 5 . 4 ( 1 5 ) 4 3 . 4 ( 1 8 ) 5 . 1 ( 2 . 1 ) 4 . 9 ( 2 . 0 )
6 . 0 2 2 4 . 4 1 3 2 . 3 ( 5 9 ) 1 9 . 6 ( 8 . 7 ) 3 2 . 6 ( 1 5 ) 3 0 . 3 ( 1 3 ) 4 . 1 ( 1 . 8 ) 5 . 4 ( 2 . 4 )
1 0 . 0 2 1 8 . 7 1 3 2 . 7 ( 6 1 ) 1 8 . 7 ( 8 . 6 ) 3 0 . 8 ( 1 4 ) 2 9 . 1 ( 1 3 ) 4 . 7 ( 2 . 1 ) 2 . 7 ( 1 . 2 )
1 4 . 0 2 1 7 . 2 1 3 3 . 0 ( 6 1 ) 1 8 . 1 ( 8 . 3 ) 3 0 . 2 ( 1 4 ) 3 0 . 6 ( 1 4 ) 4 . 5 ( 2 . 1 ) 0 . 8 ( 0 . 4 )
Percentages of the total energy absorbed by different layers are given in parentheses.
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atmosphere, snow, ice, and ocean for different snow depths on the ice and for a 
fixed ice density (0.90 M g/m 3) and salinity (5% 0 ). The snow is specified to have a 
average grain radius of 1.0 mm and density of 0.4 M g/m 3, values representative of 
old snow near the melting point [ Wiscombe and Warren, 1980]. When the results 
in Table 3.3 are compared with those in Tables 3.1 and 3.2 for clear sky conditions, 
the total solar radiation disposition in the whole system is significantly reduced 
because of the higher reflection at the snow surface and the resulting isolation of 
the absorptive ice below. Although the absorption by snow and ice are different 
for different snow thicknesses, the total absorption by the whole system and the 
absorption by the atmosphere are similar for the four snow depths used, indicating 
the snow surface albedo is already saturated when the snow thickness exceeds 5 
cm. Even more importantly, only 5 cm of the snow layer is responsible for nearly 
half of the to tal solar absorption.
Similar to Table 3.3, Table 3.4 shows the partioning of the absorbed total 
solar radiation across the system obtained under four different solar elevations. 
As expected, a  lower solar elevation (larger zenith angle) causes less absorption in 
the whole system, because it implies less radiative energy input to the system and 
also produces a higher reflection at the ice surface. Furthermore, for lower solar 
elevations, as a result of a  higher reflection at the surface and a longer path  length 
of light, a  larger fraction of the to tal absorption occurs in the atmosphere and a 
correspondingly smaller fraction in the various layers of the ice and in the ocean. 
However, the presence of a cloud layer will increase the sensitivity of the fractional 
absorption in the ice and in the ocean to changes in solar elevation.
The occurrence of melt ponds on the ice has been shown to be im portant in the 
overall energy balance [Ebert and Curry, 1993]. A simulation of the solar energy 
distribution for different pond depths is presented in Table 3.5. Here it is assumed 
that the pond depth is uniform, and the energy distribution in a one-dimensional
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T able 3.3 Absorbed Solar Energy by Various Layers and Its Percentage of the Total for Different Snow 
Depths .
S n o w
D e p t h ,
c m
T o t a l
A b s o r p t i o n ,
W / m 2
A b s o r p t i o n  i n  V a r i o u s  L a y e r s  a n d  I t s  P e r c e n t a g e  o f  t h e  T o t a l
A t m o s p h e r e S n o w 0 - 0 . 1  m
I c e  
0 . 1 - 1  m 1 - 2  m O c e a n
Clear Sky
5 2 7 5 . 9 1 1 7 . 0 ( 4 2 ) 1 3 0 . 5 ( 4 7 ) 1 1 . 2 ( 4 . 1 ) 1 3 . 3 ( 4 . 8 ) 1 . 7 ( 0 . 6 ) 2 . 2 ( 0 . 8 )
1 0 2 7 5 . 9 1 1 7 . 0 ( 4 2 ) 1 4 2 . 2 ( 5 1 ) 3 . 0 ( 1 . 1 ) 1 0 . 2 ( 3 . 7 ) 1 . 3 ( 0 . 5 ) 2 . 2 ( 0 . 8 )
2 0 2 7 5 . 9 1 1 7 . 0 ( 4 2 ) 1 4 7 . 9 ( 5 4 ) 1 . 6 ( 0 . 6 ) 6 . 4 ( 2 . 3 ) 0 . 7 ( 0 . 3 ) 2 . 2 ( 0 . 8 )
3 0 2 7 5 . 9 1 1 7 . 0 ( 4 2 ) 1 5 2 . 2 ( 5 5 ) 0 . 8 ( 0 . 3 ) 3 . 4 ( 1 . 2 ) 0 . 3 ( 0 . 1 ) 2 . 2 ( 0 . 8 )
Cloudy Sky
5 2 0 0 . 2 1 3 3 . 7 ( 6 7 ) 4 3 . 7 ( 2 2 ) 7 . 9 ( 4 . 0 ) 1 1 . 3 ( 5 . 6 ) 1 . 5 ( 0 . 8 ) 2 . 0 ( 1 . 0 )
1 0 2 0 0 . 2 1 3 3 . 7 ( 6 7 ) 5 2 . 0 ( 2 6 ) 2 . 4 ( 1 . 2 ) 8 . 9 ( 4 . 5 ) 1 . 1 ( 0 . 6 ) 2 . 0 ( 1 . 0 )
2 0 2 0 0 . 2 1 3 3 . 7 ( 6 7 ) 5 6 . 8 ( 2 8 ) 1 . 4 ( 0 . 7 ) 5 . 6 ( 2 . 8 ) 0 . 7 ( 0 . 3 ) 2 . 0 ( 1 . 0 )
3 0 2 0 0 . 2 1 3 3 . 7 ( 6 7 ) 6 0 . 5 ( 3 0 ) 0 . 7 ( 0 . 4 ) 3 . 0 ( 1 . 5 ) 0 . 3 ( 0 . 2 ) 2 . 0 ( 1 . 0 )
Percentages of the total energy absorbed by different layers are given in parentheses.
Table 3 .4  The Total Solar Energy Absorbed by Various Layers and Its Percentage of the Total for 
Different Solar Zenith Angles .
S o l a r
Z e n i t h
A n g l e
T o t a l
A b s o r p t i o n ,
W / m 2
A b s o r p t i o n  i n  V a r i o u s  L a y e r s  a n d  I t s  P e r c e n t a g e  o f  t h e  T o t a l
A t m o s p h e r e 0 - 1  c m
I c e  
1 - 1 0  c m 0 . 1 - 1  m 1 - 2  m O c e a n
Clear Sky
4 0 ° 5 7 3 . 7 1 5 8 . 1 ( 2 8 ) 1 4 2 . 5 ( 2 5 ) 1 4 7 . 8 ( 2 6 ) 1 0 4 . 4 ( 1 8 ) 7 . 7 ( 1 . 3 ) 1 3 . 2 ( 2 . 3 )
6 0 ° 3 6 1 . 8 1 1 3 . 5 ( 3 1 ) 8 9 . 8 ( 2 5 ) 8 6 . 8 ( 2 4 ) 5 9 . 7 ( 1 7 ) 4 . 4 ( 1 . 2 ) 7 . 6 ( 2 . 1 )
7 0 ° 2 3 5 . 5 8 4 . 7 ( 3 6 ) 5 5 . 8 ( 2 4 ) 5 2 . 1 ( 2 2 ) 3 5 . 6 ( 1 5 ) 2 . 7 ( 1 . 1 ) 4 . 6 ( 1 . 9 )
8 0 ° 1 0 5 . 6 5 0 . 4 ( 4 8 ) 2 0 . 0 ( 1 9 ) 1 9 . 0 ( 1 8 ) 1 3 . 4 ( 1 3 ) l . O ( l . O ) 1 . 8 ( 1 . 7 )
Cloudy Sky
4 0 ° 3 8 3 . 8 1 9 6 . 8 ( 5 1 ) 3 9 . 4 ( 1 0 . ) 6 5 . 1 ( 1 7 ) 6 4 . 9 ( 1 7 ) 6 . 1 ( 1 . 6 ) 1 1 . 4 ( 3 . 0 )
6 0 ° 2 2 8 . 3 1 3 2 . 2 ( 5 8 ) 1 9 . 9 ( 8 . 7 ) 3 3 . 5 ( 1 5 ) 3 3 . 5 ( 1 5 ) 3 . 2 ( 1 . 4 ) 6 . 0 ( 2 . 6 )
7 0 ° 1 4 8 . 0 9 3 . 5 ( 6 3 ) 1 1 . 1 ( 7 . 5 ) 1 9 . 0 ( 1 3 ) 1 9 . 1 ( 1 3 ) 1 . 8 ( 1 . 2 ) 3 . 4 ( 2 . 3 )
8 0 ° 7 2 . 3 5 1 . 4 ( 7 1 ) 4 . 1 ( 5 . 7 ) 7 . 2 ( 1 0 ) 7 . 4 ( 1 0 ) 0 . 7 ( 1 . 0 ) 1 . 4 ( 1 . 9 )
Percentages of the toteil energy absorbed by different layers are given in parentheses.
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column of atmosphere, pond-over-ice, sea ice, and ocean is computed. The possible 
interaction with neighboring columns is ignored. This treatm ent is m andated by 
use of one-dimensional model. To simulate two-dimensional effects, one could, as 
a first approximation, use area-weighted combinations of different surface types as 
discussed for combination of leads and ice below. The same models for atmosphere, 
cloud, and ocean are used as above. Although the tem perature at the ice top is 
0°C and somewhat lower in the interior, for simplicity the tem perature is specified 
to be —2 °C (the same as the bottom  temperature) throughout the complete ice 
thickness. The density is specified to be 0.93 M g/m 3 when air volume is negligible, 
as it is for ice under ponds. A comparison with the results in the aforementioned 
tables shows that the total absorption by the whole system has been increased due 
to the reduced surface albedo. Also, the radiation penetration into the ocean has 
increased, while the absorption by the atmosphere shows only a slight change. A 
melt pond with a depth of only 5 cm can absorb nearly half of the total energy 
absorbed by the whole system.
The values in Tables 3.1, 3.2, and 3.4 indicate tha t although clouds reduce 
the total solar radiative absorption in the entire atmosphere-sea ice-ocean system, 
they can increase the amount of absorption in the atmosphere for the cloud model 
adopted here and consequently contribute to solar heating in the atmosphere. Al­
though the increasing percentage and amount of solar absorption in the atmosphere 
due to the cloud is strongly dependent on solar elevation (also on liquid water path 
and height of clouds, as our unpublished results show), it is insensitive to ice den­
sity and salinity. Results in Tables 3.1 and 3.2 show th a t in the deeper layers of 
the ice (depth H >  1.0 m) and in the ocean the total amount of absorbed solar 
energy is equal to the amount absorbed in the visible portion of the spectrum in 
these same layers. This clearly demonstrates that only visible radiation penetrates 
to these layers.
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Table 3.5 Absorbed Solar Energy by Various Layers and Its Percentage of the Total for Different Melt 
Pond Depths .
P o n d
D e p t h ,
c m
T o t a l
A b s o r p t i o n ,
W / m 2
A b s o r p t i o n  i n  V a r i o u s  L a y e r s  a n d  I t s  P e r c e n t a g e  o f  t h e  T o t a l
A t m o s p h e r e P o n d s 0 - 0 . 1  m
I c e  
0 . 1 - 1  m 1 - 2  m O c e a n
Clear Sky
5 4 0 8 . 9 1 1 2 . 2 ( 2 7 ) 1 7 6 . 8 ( 4 3 ) 4 0 . 7 ( 9 . 9 ) 5 5 . 8 ( 1 4 ) 7 . 7 ( 1 . 9 ) 1 5 . 8 ( 3 . 9 )
1 0 4 1 8 . 8 1 1 1 . 9 ( 2 7 ) 2 2 4 . 0 ( 5 4 ) 1 8 . 9 ( 4 . 5 ) 4 1 . 8 ( 1 0 ) 6 . 7 ( 1 . 6 ) 1 5 . 5 ( 3 . 7 )
2 0 4 3 2 . 7 1 1 1 . 6 ( 2 6 ) 2 6 4 . 0 ( 6 1 ) 9 . 2 ( 2 . 1 ) 2 7 . 8 (  6 ) 5 . 2 ( 1 . 2 ) 1 4 . 9 ( 3 . 4 )
4 0 4 5 0 . 3 1 1 1 . 2 ( 2 5 ) 3 0 2 . 1 ( 6 7 ) 3 . 9 ( 0 . 9 ) 1 6 . 0 (  4 ) 3 . 2 ( 0 . 7 ) 1 3 . 9 ( 3 . 1 )
Cloudy Sky
5 2 4 3 . 1 1 3 1 . 7 ( 5 4 ) 4 8 . 7 ( 2 0 ) 1 6 . 4 ( 6 . 7 ) 2 9 . 9 ( 1 2 ) 5 . 0 ( 2 . 1 ) 1 1 . 3 ( 4 . 7 )
1 0 2 4 5 . 8 1 3 1 . 6 ( 5 4 ) 6 7 . 0 ( 2 7 ) 8 . 8 ( 3 . 6 ) 2 3 . 1  (  9 ) 4 . 4 ( 1 . 8 ) 1 1 . 0 ( 4 . 5 )
2 0 2 4 9 . 8 1 3 1 . 5 ( 5 3 ) 8 4 . 0 ( 3 4 ) 4 . 7 ( 1 . 9 ) 1 5 . 9 (  6 ) 3 . 3 ( 1 . 3 ) 1 0 . 4 ( 4 . 2 )
4 0 2 5 5 . 1 1 3 1 . 5 ( 5 2 ) 1 0 0 . 4 ( 3 9 ) 2 . 2 ( 0 . 9 ) 9 . 5 (  4 ) 2 . 0 ( 0 . 8 ) 9 . 5 ( 3 . 7 )
Percentages of the toted energy absorbed by different layers are given in parentheses.
From these tables it is not difficult to determine the fraction of the net incoming 
solar radiation which penetrates into the interior of the ice (below a depth of 10  
cm). This is an im portant param eter used in ice thermodynamic models [Maykut 
and Untersteiner, 1971; Semtner , 1976; Ebert and Curry, 1993] and polar climate 
models [Parkinson and Washington, 1979; Bennett, 1982; Van Ypersele, 1990]. For 
cloudy skies this value is dependent on the cloud conditions. For clear skies the 
tables show a minimum of 0 .2 0 , which corresponds to the lowest ice density (highest 
air volume) used in Table 3.1 . This value is higher than values (typically 0.17 or 
0.18) used in ice thermodynamic models and climate models, while the param eters 
for sea ice used in the tables should have covered most of the ice property variations. 
This value is primarily determined by the scattering properties of the air bubbles 
in the uppermost few centimeters of ice.
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3.2 .3  R adiative H eating in Sea Ice
To demonstrate how the absorption within the sea ice responds to the variation of 
the physical properties of the ice, Figure 3.7 shows the absorption profiles (heating 
rates), d F (z ) /d z  (in milliwatts per cubic centimeter), with depth in the sea ice for 
different densities and salinities under clear sky conditions. Here z is the depth in 
the sea ice measured downward from the upper ice surface. The same model inputs 
for atmosphere, sea ice, and ocean as used in Figure 3.6 have been used in these 
computations. The thicker lines in the plots represent the total absorbed solar 
radiation (0.25 ^m-4.0 //m) while the thinner lines represent the radiative energy 
absorbed in the visible region (0.28 /zm-0.78 //m). Owing to the rapid decrease 
in radiative absorption with depth in the near-surface layer of the ice, logarithmic 
scales were chosen for both axes.
These figures clearly dem onstrate th a t although the absorption profiles are 
complicated within the first few centimeters of the top layer, below this depth, the 
radiative absorption increases as ice density increases and as salinity decreases. 
Again, these phenomena can be attributed  to the different optical properties pos­
sessed by the different components in the ice. Generally, pure ice absorbs strongly 
in the whole solar spectrum  except in the relatively narrow visible region, where 
a larger part of the solar radiative energy reaching the ice surface is concentrated. 
Both denser ice and less saline ice contain a larger fractional volume of pure ice, 
resulting in increased absorption. On the other hand, denser ice includes less air 
bubbles and the less saline ice includes less brine volume. Both of these reduc­
tions in the number of scatterers reduce the optical path for light propagating to 
deeper layers and consequently decrease the amount of absorption. Therefore the 
m agnitude of the radiative absorption in the ice depends on these two competitive 
processes.
73
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Absorbed Solar Energy (m W /c m 3)
Absorbed Solar Energy (m W /c m 3)
F igure 3 .7  Distribution of the absorbed solar energy with depth in the ice for different ice densities 
(upper panel) and salinities (lower panel) under clear sky conditions .
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Most of the infrared and ultraviolet energy in the solar radiation reaching the 
ice surface would be absorbed within a very thin top layer of the ice because of the 
strong absorption by pure ice at those wavelengths. Consequently, in the upper 
layers of sea ice the absorption of the total solar radiation is dominated by the 
presence of pure ice. This is reflected in Figure 3.7 by the total solar radiative 
absorption in the thin top layer increasing as ice density increases and as salinity 
decreases. Then, as more infrared radiation has been absorbed, enhanced absorp­
tion due to multiple scattering becomes more im portant and dominates immedi­
ately beyond the thin top layer, causing an increase in the total solar absorption 
as the ice density decreases and the salinity increases. However, absorption below 
the depth of a few centimeters, where most of the remaining radiation is in the 
visible spectrum, will increase with increasing ice density and decreasing salinity 
due to the less scattering, leading to less reflection by the ice. The absorption rate 
in the visible spectrum shows only a small change within about 10  cm of the top 
layer. Figure 3.7 shows that the absorbed amounts of total radiation and visible 
radiation get closer and closer as the depth increases, and at about 50 cm in depth 
they overlap. This indicates that almost all the radiation beyond the visible region 
is absorbed by the top 50 cm of sea ice.
3 .2 .4  Effects o f the Ice Thickness
In this example we will investigate the effects of the ice thickness on the radiative 
energy budget in the atmosphere-sea ice-ocean system using the same atmosphere, 
cloud, and ocean models as above. The ice model is also similar, but observed 
changes in the average salinity as a function of ice thickness are now included 
based on a recent compilation of cold first-year ice data by W. F. Weeks (personal 
communication, 1994). The mean salinity values S  a t depth hi in the ice are
75
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observed to be well described by the following two linear relations:
S  = 17.0 -  31.63/it-, hi <  0.3 m (3.6a)
S  =  8.0 — 1.63h,-, hi > 0.3 m (3.6b)
The tem perature at the top of the ice will still be assumed to remain a t — 10°C 
and to increase linearly with depth to —2°C at the ice-water interface. Figure 3.8 
shows the dependence of the total solar energy absorbed by the atmosphere, sea 
ice, and ocean, respectively, on the ice thickness. Results indicate th a t although 
the to tal solar energy disposed in the entire system decreases as ice thickness 
increases, the rate of decrease becomes smaller as the ice thickness increases, with 
the to tal radiative absorption approaching a nearly constant value after the ice 
thickness reaches about 70 cm. As the ice thickness increases, the absorption 
by the ice increases and that by the ocean decreases, with the rates of change, 
again, depending on the ice thickness. On the other hand, the absorption by the 
atmosphere remains almost unchanged as ice thickness changes. A comparison 
of the two panels in Figure 3.8 indicates that not only does the cloud drastically 
reduce the energy disposition into the ice and the whole system for any ice thickness 
and th a t into the ocean for thin ice, but also it significantly reduces all sensitivities 
of the absorbed solar energy to the ice thickness, especially when the ice is thin. 
The solar zenith angle used here is still at 60°. However, our unpublished results 
show th a t the general behavior indicated above is true for all solar elevations and 
cloud heights except that the magnitudes of all the components change.
3.2 .5  Effects o f  Open Ocean
It is well known that the occurrence of areas of open water (leads, polynyas) within 
an ice field has an im portant impact on the solar energy distribution. Using the
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(a ). Clear Sky
Ice Thickness(m)
(b). Cloudy Sky
Ice Thickness (m )
F igure 3.8 The distribution of total solar radiative absorption in the atmosphere, sea ice, and ocean 
system as a function of the ice thickness for (a) clear sky and (b) cloudy sky conditions .
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same models as used in Tables 3.3 and 3.4, Figure 3.9 shows the solar energy 
partioning in the atmosphere, sea ice, and ocean (including open ocean and ocean 
under the ice) as a function of the area fraction of open water. The absorption 
by the atmosphere, ice, and ocean are represented by different shades of gray in 
Figure 3.9. Here the vertical distance covered by the three different shades gives 
the fraction of absorption. Area-weighted irradiances are used in this computation, 
as explained earlier. A similar method has been used and discussed by Perovich 
[1990] in estimating light reflection and transmission by spatially varying sea ice 
covers. This procedure actually ignores the horizontal radiation interaction by 
m ultiple scattering between the two different columns. Figure 3.9 shows tha t as 
the area fraction of open water increases, the solar radiation deposited in the ocean 
increases rapidly, from 2 % under the ice cover to 80% under ice-free conditions 
and under clear sky conditions. The increase of the absolute value is even more 
pronounced, because the total absorption in the entire system increases with the 
open water fraction. Although the fraction of total absorption both in the ice and 
in the ocean is sensitive to the open ocean fraction, especially under clear skies, 
the fraction deposited in the atmosphere is not.
3 .2 .6  Effects o f  Cloud M icrophysics
As presented in equations (3.2), the cloud optica] properties are dependent on their 
microphysics. Therefore, variations in cloud micropnysical properties will result 
in variations in cloud optical properties, and consequently alter the solar energy 
distribution in the whole atmosphere, sea ice and ocean system. Adopting the same 
models as above, Figure 3.10 shows the dependence of the solar energy disposition 
in the atmosphere-sea ice-ocean system on cloud microphysics. It indicates th a t 
the absorption in the atmosphere, sea ice and ocean will increase as the equivalent
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radius of the cloud increases for the cloud model used here. On the other hand, 
absorption in the ice and ocean decreases as the liquid water content increases, 
but the absorption in the atmosphere exhibits the opposite dependence, and the 
combined effect is that the total absorption in the entire system will decrease as the 
liquid water content increases. Moreover, the absorption in sea ice shows greater 
sensitivity to both the equivalent radius and the liquid water content of clouds.
Figure 3.11 shows the effects of the equivalent radius and liquid water content 
of clouds on the outgoing shortwave energy at the top of atmosphere (TOA) and 
the incident solar energy at the ice surface. The results indicate that the outgoing 
flux at TOA will decrease as the equivalent radius increases, but increase as the 
liquid water content increases. Consequently, the downward flux at the surface 
exhibits opposite dependences on the microphysics of the clouds as compared with 
the outgoing flux.
For a fixed cloud equivalent radius of 7 /zm, Figure 3.12 shows the effects of 
cloud liquid water path (LWP) on the solar energy balance in the atmosphere, sea 
ice and ocean system for various cloud heights. From this figure, we find tha t (i) the 
outgoing solar flux at the TOA increases as the LWP or cloud thickness increases, 
especially for thin clouds (low LWP); the higher the cloud, the faster this increase; 
(ii) although the downward flux at the ice surface and the total absorption of solar 
energy by the ice and ocean decrease as cloud thickness or LWP increases, they 
are not sensitive to the cloud height (their values for different cloud heights almost 
overlap with each other); (iii) on the other hand, absorption by the atmosphere is 
sensitive to cloud height and has different dependence on the LWP. For example, 
the absorption by the atmosphere simply increases as the LWP increases for the 
low clouds, but it decreases first (when the cloud is thin) and then increases as the 
LWP increases for high clouds.
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F igure 3.10 Absorption of solar radiation in various layers as a function of cloud equivalent radius
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F igu re 3.11 Shortwave flux as a function of the equivalent radius of cloud droplets. Labels represent 
the liquid water content of the clouds .
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F igu re 3.12 The effects of cloud height on the solar energy balance in the atmosphere-sea ice-ocean 
system .
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3.3 Surface A lbedo
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3.3.1 M odel C om putation
Because the coupled radiative transfer model considers the ice and ocean just as 
additional “atmospheric” layers, the surface albedo can easily be calculated by 
this model. For models of atmosphere, sea ice and ocean identical to those used 
in Figure 3.9, Figure 3.13 shows the surface albedo as a function of snow thickness 
(upper panel) for a snow-covered ice surface, and as a function of ice thickness 
(lower panel) for a snow-free ice surface. Here the parameters for old snow are 
the same as those used previously for the snow model. New snow, on the other 
hand, is assumed to have a mean grain radius of 100 (xm and a  density of 0.2 
M g/m 3. Figure 3.13 indicates that the surface albedo rapidly increases as the ice 
or the snow thickness increases. This is especially true when the snow or the ice 
is thin and under cloudy conditions. The albedo approaches a constant value as 
the thickness of snow or ice continues to increase. Apparently, clouds increase 
the sensitivity of the surface albedo to variations in the snow and ice thickness. 
Because of the smaller grain size, new snow more efficiently scatters light back 
to the atmosphere. Therefore new snow has a higher albedo. Of all the possible 
cases, it is the combination of new snow and cloudy sky conditions that yields the 
highest surface albedo.
Figure 3.14 shows the surface albedo as a function of the cloud liquid water 
path  (LWP). Increasing LWP means increasing either cloud optical depth or cloud 
thickness. The upper panel shows that the surface albedo increases as the cloud 
thickness increases both for snow-covered and snow-free surfaces. The lower panel 
presents the cases for different solar elevations. For clear sky conditions (LWP=0) 
or thin clouds, the surface albedo is sensitive to the solar elevation and this sensitiv-
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Figure 3.13 The surface albedo as a function of snow thickness and ice thickness .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
A
lb
ed
o
86
S u rface  a lbedo
LWP ( g / m 2) 
S urface  a lbedo
LWP ( g / m 2)
F igu re 3.14 The surface albedo as a function of cloud liquid water path (LWP) .
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ity decreases as the cloud thickness increases. For high solar elevation conditions, 
the surface albedo increases simply as the LWP increases. However, for low solar 
elevation conditions, the surface albedo will first decrease and then increase as the 
cloud optical depth increases. All these effects can be explained by the different 
reflection properties of the ice surface to the direct and diffuse incident radiation. 
The direct albedo depends on the solar elevation, whereas the ratio of the direct 
and the diffuse radiation reaching the surface depends on the cloud thickness.
3.3 .2  C om parison W ith  O bservations
Desirable m odel-data comparisons require comprehensive optical data sets for the 
atmosphere, the ice, and the ocean. Unfortunately, such radiation measurements 
with simultaneous observational data on the environmental param eters have, to 
date, not been made. This lack of data makes accurate comparisons with cou­
pled radiative transfer models difficult. However, of all the radiation quantities, 
the spectral albedo of the ice surface is the one param eter on which the atm o­
sphere and ocean have only a minor influence if the sky is overcast (when the 
radiation incidence on the surface can be considered to be diffuse). In addition, 
only the properties of the thin top layer of the ice are im portant for this albedo, 
and as a result it is presently probably the best quantity available for comparison. 
Therefore two observational spectral albedos for two relatively simple ice types 
are chosen for comparison. These are melting multiyear white ice and melting 
first-year blue ice. The observed spectral albedos are taken from the observations 
reported by Grenfell and Maykut [1977]. Unfortunately, the data  needed to spec­
ify the model uniquely were not obtained, so the comparison is only approximate. 
In the computations, because melting ice is being considered, we have specified 
the average ice tem perature as —2°C. For the multiyear ice considered in Figure
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F igure 3.15 A comparison of the observed spectral albedo for melting multiyear white ice with model 
calculations. Observations are from Grenfell and Maykut [1977] .
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F igure 3.16 As in Figure 3.15, but for melting first-year blue ice .
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3.15, recently parameterized profiles of salinity and air volume developed by W. 
F. Weeks (unpublished field data from ice station Crystal, 1986) are used. The 
salinity is expressed as
S  = 2.785Z +  1.984Z4 (3.7a)
Z  =  z /h u 0 < Z  < 1.0  (3.7b)
which is based on a total of 769 individual measurements from multiyear floes 
at which the actual ice thickness varied between 1.99 and 5.45 m. The Z  in the 
formula is the normalized ice thickness, and 2 and hi are the actual depth in ice 
and actual ice thickness, respectively. The air volume for the multiyear ice is 
param eterized as
Va = 18.55 -  7.6Z  +  257.1 exp(-46 .3Z ) (3.8)
a relation th a t is also based on field observations in the Arctic ocean. In this 
simulation, air volume is used directly for model input, while the brine volume is 
calculated as discussed in section 2. For the first-year blue ice in Figure 3.16 we 
have used a  salinity of 5°/0o as in the tables above, a value representative of thick
first-year ice, and a density of 0.94 M g/m 3, which assumes th a t the air volume is
negligible, as it usually is for the first-year blue ice. The comparisons shown in 
Figures 3.15 and 3.16 are in quite good agreement, particularly with respect to the 
wavelength dependence. For multiyear ice the model predicts a little higher albedo 
at shorter wavelengths and a little lower at longer wavelengths than observed. For 
first-year ice the model predicts a little lower albedo overall. However, the agree­
ment could be improved by adjusting one or more of the input param eters, for 
example, the salinity profile. At present, it is not possible to determ ine whether 
the differences between the model results and observations are the result of inac­
curate representations of the ice properties and/or the inappropriately assumed 
param eters in the Mie calculations of the optical properties of the ice.
90
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3.4 Sum m ary
In this chapter, the radiative transfer model described in Chapter 2 for nonuni- 
formly refracting media has been implemented and applied to the atmosphere-sea 
ice-ocean system and been used to study the solar energy budget in this coupled 
system. This model rigorously accounts for the multiple scattering and absorption 
by atmospheric molecules, clouds, snow and sea water, as well as the inclusions 
trapped in sea ice such as the brine pockets and air bubbles.
The input parameters required by the model are observable physical prop­
erties (e.g., the profiles of tem perature, pressure, and gas concentrations in the 
atmosphere, the water or ice content of clouds, and the equivalent radius of cloud 
droplets, as well as the profiles of tem perature, density, and salinity in the ice).
This model has been applied to study the radiative interactions within the 
atmosphere, sea ice, and ocean system and to investigate the effects of the ice 
properties, ice thickness, snow, and cloud on the radiative energy disposition and 
its distribution within the coupled system. On the basis of the modeling results we 
can conclude that the sea ice has a significant impact on the absorption and par­
titioning of solar radiative energy in the atmosphere, sea ice, and ocean system. 
Because changes in the physical properties of the ice, such as density, salinity, 
and tem perature, lead to changes of the optical properties within the ice, such 
as scattering and absorption, and because of interactions occurring between the 
atmosphere, sea ice, and ocean, changes in the physical properties of the ice can 
alter the radiative transfer and the interaction processes within the entire system. 
Generally, as the ice density increases, the radiative absorption will increase in the 
entire coupled system, as well as in the sea ice and in the ocean, while the ab­
sorption in the atmosphere exhibits a slight decrease. As the ice salinity increases, 
the radiative absorption in the entire coupled system, in the ice, and in the ocean
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decreases. The absorption profiles in the ice show that most of the radiative energy 
absorbed by sea ice occurs in a very thin top layer of the ice. This is especially 
true  under clear sky conditions. Just the top 10 cm thick layer of ice can absorb 
more than 50% of the total solar radiation deposited in the entire system. Also, at 
depths greater than 50 cm in the ice, only visible radiation is left because of the 
strong absorption of the ice beyond this wavelength region.
In sea ice it is the scattering by inclusions, especially the air bubbles, in a few 
centimeters of the uppermost layer that plays the vital role to the solar energy 
absorption and partitioning in the whole system. Greater scattering in this top 
layer will not only increase backscattering to the atmosphere, but it also increases 
the absorption fraction in this top ice layer itself and decreases the radiation pene­
tra ting  to the deeper layers of the ice and into the ocean. Because air bubbles have 
much higher scattering effectiveness than brine pockets, the radiative absorption is 
more sensitive to air volume variations than to brine volume variations. Therefore 
to estim ate the solar energy distribution with confidence, one must have access to 
realistic estim ates of the air volume fraction in the ice. Estimates for the top few 
centimeters of the ice are particularly important.
Ice thickness also exerts a significant influence on the radiative energy balance 
in the atmosphere-sea ice-ocean system, especially when the ice is thin. Increasing 
the ice thickness in the thickness range between 0 and 70 cm results in an increase 
in the radiative absorption in the ice and a decrease in the ocean, as well as a 
decrease in the entire system. However, the total absorption in the entire system 
remains almost constant once the ice thickness exceeds about 70 cm. Nevertheless, 
the absorption within the atmosphere is not sensitive to ice thickness changes.
Clouds in the atmosphere and snow on the ice reduce the solar energy absorp­
tion in the ice and in the ocean, as well as in the entire atmosphere-sea ice-ocean 
system. The clouds will moderate any variation in the radiative energy budget
92
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caused by changes in ice properties and ice thickness. In other words, clouds re­
duce the sensitivity of the absorbed solar energy in every layer to changes in ice 
properties and thickness.
The distribution of solar energy is also affected by the cloud microphysics. In 
the coupled atmosphere, sea ice and ocean system, the outgoing solar radiation 
at the TOA will decrease as the equivalent radius of cloud droplets increases, 
but increase as the liquid water content of clouds increases. Consequently, the 
downward solar radiation at the ice surface exhibits a dependence on the cloud 
microphysics that is opposite to tha t of the outgoing flux. The absorption of 
solar radiation in the entire system will increase as the equivalent radius of cloud 
droplets increases. The absorption in sea ice shows a greater sensitivity to the 
cloud microphysics than the absorption in the atmosphere or in the ocean. The 
absorption in sea ice and ocean is not sensitive to cloud height, which is different 
from the case in atmosphere.
Surface albedo can be easily calculated by this coupled model. The results show 
th a t the surface albedo is determined by approximately 10 cm of the uppermost 
layer of snow for a  snow covered surface and by about 50 cm of the uppermost 
layer of ice for a bare ice surface. Generally, surface albedo increases as cloud 
optical depth increases, unless the solar elevation is low and the cloud is thin. The 
effect of solar elevation on the surface albedo is small if the cloud is thick. Of all 
the possible cases, new snow plus thick clouds yields the highest surface albedo. 
Although comparisons with observation for two selected ice types have shown good 
agreement, realistic simulations and more meaningful comparisons clearly require 
accurate and detailed specification of the ice properties, such as profiles of salinity, 
density and tem perature.
Realistic simulations of the radiative energy budget requires in situ da ta  from 
measurements. This includes the profiles of relevant parameters described above
93
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for the atmosphere, sea ice, and ocean, or else the profiles of optical properties, 
in particular, the light extinction and absorption, as well as the phase function of 
scattering. Simultaneous measurements of the radiative quantities, including the 
spectral upward and downward fluxes, would be very useful in verifying the model 
simulations.
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C hapter 4
A p p lica tion  o f th e  C oupled  
R ad ia tive  Transfer M odel to  th e  
S tu d y  o f  Light Transport in  Sea  
Ice and in th e  O cean
In the polar oceans, light transmission through the atmosphere and sea ice is
essential to the growth of plankton and algae [SooHoo et al., 1987; Holm-Hansen
et al. 1977; Arrigo et al., 1993]. Understanding the physical conditions that
affect the growth of plankton and algae is not only of interest in its own right,
but as this m aterial represents primary production upon which the food chains of
the polar oceans are based, it is a requisite to understanding the behavior of the
complete marine ecosystem in these regions. The atmosphere is almost transparent
to photosynthetically active radiation (PAR). W ithin the spectral region of PAR
° T h e  f i r s t  p a r t  o f  t h i s  c h a p t e r  i s  b a s e d  o n  m a t e r i a l  p u b l i s h e d  a s  Z .  J i n ,  K .  S t a m n e s  a n d  W .  
W e e k s ,  T r a n s p o r t  o f  p h o t o s y n t h e t i c a l l y  a c t i v e  r a d i a t i o n  i n  s e a  i c e  a n d  o c e a n ,  O c e a n  Optics,
P r o c .  S P I E . ,  V o l . 2 2 5 8 ,  9 5 4 - 9 6 4 ,  1 9 9 4 .
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(400 nm-700 nm ), ozone is the only absorptive gas of significance present in the 
atmosphere. Even clouds and sea ice have a relatively weak absorption in this part 
of the spectrum . In addition, nearly 40% of the extra-terrestrial solar radiation 
lies within this narrow spectral region and much more than 40% of the to tal solar 
radiation incident on the ice surface is within the PAR range, depending on the 
atmospheric conditions. Therefore, PAR constitutes the main light resource for the 
prim ary productivity in the ice-covered oceans. Light availability also experiences 
much greater seasonal variability and rapid temporal variations at high latitudes. 
Clouds and snow as well as the amount and distribution of algae within the ice also 
have a significant impact on light availability under sea ice. In this chapter, the 
coupled radiative transfer model described in Chapter 2 will be used to study the 
transport of light, especially the photosynthetically active radiation (PAR), in the 
whole coupled atmosphere-sea ice-ocean system in order to quantify the effects of 
clouds, snow and algae as well as of ozone in the atmosphere on the light available 
for photosynthesis both within the ice and in the ocean below. The comparison 
of measured spectral irradiance and extinction in an Antarctic sea ice floe with 
model com putation will also be presented.
4.1 M odel C om putations
As in chapter 3, in the following computations the McClatchey [1972] atmosphere 
model for the sub-arctic summer will be adopted and the atmosphere will be di­
vided into 25 layers. In the spectral region of PAR, atmospheric absorption is 
mainly caused by ozone. The ozone profile is also taken from the McClatchey 
atm osphere as shown in Figure 3.4, while the absorption cross section of ozone 
and the scattering cross section by air molecules are taken from a compilation by 
WMO [1985]. For sea ice, we assume a constant salinity of 8°/00 an<^  a  constant
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density of 0.90M g /m 3. In a similar manner to chapter 3, we will also assume that 
there is a linear tem perature profile in the ice. In the ocean, we will for simplicity 
neglect vertical variations in the properties of sea water and consider it as one ho­
mogeneous layer. Also, we will apply 16 streams in the atmosphere and 28 streams 
in the ice and ocean in most of the following computations. This will provide a 
com putational accuracy better than 1%.
4.1 .1  Spectral D istribution o f Light in Sea Ice and th e  U n­
derlying Ocean
Using the atmosphere, sea ice and ocean models described above, Figure 4.1 shows 
the computed spectral distribution of light at different levels in the ice and in the 
ocean respectively. The ice is assumed to have a thickness of 2.0 m and a surface 
tem perature of — 15°C. The spectral distribution of PAR incident at the top of 
the atmosphere is from Nicolet [1989] and the solar elevation is specified to be 30°.
In the right panels of Figure 4.1, a layer of low-level stratiform  cloud has been 
included in the atmosphere, a condition which is known to be persistent and exten­
sive in the Arctic in the summer [Herman and Curry, 1984; Tsay and Jayaweera, 
1984]. The cloud model is same as that used in Figure 3.6 of Chapter 3.
Snow cover is another prevalent feature in the high latitude oceans. Based 
on field observations, new snow has a smaller grain size and an appreciably lower 
density than melting old snow. We specify a mean grain radius of 100 fim  and 
density of 0.2 M g /m 3 as representative of new snow, and a grain radius of 1000 
gm  and a density of 0.40 M g /m 3 as representative of melting old snow. The 
simulated downwelling irradiance at the ice base for different snow thicknesses is 
shown in Figure 4.2. The same atmosphere, sea ice and ocean models used earlier 
are used here, but the ice thickness is specified as 1.0 m. Figure 4.2 shows that
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D ownwelling Irro d io n ce  a t Various Depths in the  Seo Ice 
(a ). C lear sky
W a v e le n g th  ( n m ) W a v e le n g t h  ( n m )
Downwelling Irrad iance  a t Various Depths in the  U n d e r - ic e  Ocean 
(a ). C lear sky (b ). C loudy sky
W a v e le n g th  ( n m ) W a v e le n g t h  ( n m )
Figure 4.1 The spectral distribution of downwelling irradiance at various depths in the sea ice and 
ocean for clear skies and cloudy skies respectively. Ice thickness is specified to be 2.0 m, salinity 8°y{,0 , 
density 0.9 M g / m 3 and solar elevation 30° .
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(a).  New snow
Wavelength (nm )
(b). Old snow
Wavelength (nm )
Figure 4 .2  The spectral distribution of downwelling irradiance at the ice base as affected by the 
thickness and type of snow cover on the surface. The ice thickness is taken to be 1.0 m and the skies are 
assumed to be clear. The values on each line denote the snow thickness .
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the snow significantly reduces the light availability under the ice, especially for the 
new snow. Only 10 cm of new snow can reduce the irradiance at the ice base by 
a factor of 10. Because of the small grain size, new snow efficiently scatters light 
back to the atmosphere.
Ice algae has been shown to have a im portant im pact on light transmission 
into the ocean [SooHoo et al., 1987; Arrigo et al., 1991]. Including a layer of 
algae in the lowest 40 cm of ice, Figure 4.3 shows the downwelling irradiance at 
the ice base for four different chlorophyll a concentrations (0, 100, 250 and 500 
m g /m 3). The results indicate that the presence of algae not only reduces the 
light transmission, but it also significantly changes the spectral distribution of 
light entering the ocean. The spectral alteration of the transm itted  light is well 
anti-correlated with the spectrum of the chi a absorption coefficient for sea ice 
microalgae (the dotted curve in Figure 4.3), which exhibits two big absorption 
peaks at 670 nm and 430 nm respectively.
4.1 .2  T he Effects o f Clouds, Snow and Ice A lgae on th e  
Seasonal Variation o f PA R  in Sea Ice and th e  O cean
Although the daily solar radiation at high latitudes experiences a greater seasonal 
variability than  at lower latitudes, the pattern  of tem poral change of daily PAR 
is similar to the pattern of noon value evolution. Figure 4.4 shows the temporal 
variation of the  total PAR as calculated at 78° N  at local noon under a clear sky 
and a cloudy sky respectively. The same atmosphere, cloud, sea ice and ocean 
models as above have been adopted and the surface is assumed to be snow-free. 
The right panels demonstrate the corresponding decrease of total PAR relative 
to the clear sky conditions at three levels due to the presence of the cloud. The 
results show th a t a decrease of PAR up to 40% at the ice base can occur as the
100
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Wavelength (nm )
F igu re 4.3 The downwelling irradiance entering the ocean under a 1.0 m thick sea ice sheet for various 
ice algae concentrations. The algae is assumed to occur in the lowest 40 cm of the ice. The values on each 
line represent the chi a concentration ( m g / m 3). The dotted line represents the chi a specific absorption 
coefficient for sea ice microalgae .
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result of the Arctic stratus cloud used here. Although the absolute decreases (the 
vertical distances between the two curves in the left panels) at every level show a 
maximum at the summer solstice, the relative changes as shown in the right panels 
show a minimum at this time. This is caused by different solar elevations at noon 
on different days.
Similarly, Figure 4.5 shows the downwelling PAR at the base of the same 1.0 
m ice at 78°N  local noon for clear skies and four different snow and ice conditions: 
(i) w ithout snow on the ice surface or algae in the ice, conditions which represent 
an upper limit; (ii) snow-free but with a layer of algae with a chi a concentration 
of 100 m g /m 3 in the lowest 40 cm of ice; (iii) with a 10 cm layer of melting old 
snow and (iv) with a 10 cm layer of new snow. The algae and snow models are the 
same as discussed earlier. The results show that 10 cm of new snow can reduce the 
PAR available at the ice base by 90%. The independence of the relative change 
caused by algae to the day number or the solar elevation is due to the fact that 
only the absorption is considered for the ice algae and the direct component of the 
solar radiation is negligible in the algae layer.
Acting as the only significant absorptive gas affecting the transfer of PAR in 
the atmosphere, ozone affects the availability of PAR to the marine microbial 
communities existing under sea ice covers. Here we take the total column ozone 
abundance of 350 DU as normal. Figure 4.6 shows the seasonal variation of PAR 
at two different levels and three different ozone depletion scenarios. The right 
panels show the corresponding increases of PAR for the ozone depletion scenario 
of 175 DU (50% less than normal). Depending on the solar elevation, a 50% ozone 
depletion yields an increase in total PAR at the ice base as well as at 10 m depth 
in the ocean of less than 4%, a minor change compared with the impacts of clouds, 
snow and algae as shown above.
Figure 4.7 shows the downwelling PAR at the ice base as a function of the ice
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Incident PAR on Surface Relative Decrease of PAR
Downwelling PAR at Ice Base
Downwelling PAR at 10m in Ocean
F igure 4 .4  Seasoned variation of toted PAR at the surface, at the base of a 1.0 m thick ice sheet and at 
10 m depth in the ocean under clear skies and cloudy skies respectively. The right panels demonstrate 
the corresponding relative decrease due to the presence of cloud. Values are derived at latitude 78°N  at 
local noon .
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Downwell ing PAR at Ice Base
UJ
L±J
100
80
60
40
20
Relative Decrease of PAR
New Snow
Old Snow
W ith A lgae
S u m m e r
s o l s t i c e
 ! i__0
Apr 1 May 1 Jun 1 Jul 1 Aug 1 Sep 1
F igu re 4 .5  Total downwelling PAR entering the ocean under a 1.0 m of ice for four different conditions: 
(i) clear sky without snow on the ice surface and algae in the ice, hence representing an upper limit; (ii) 
including a layer of algae with chi a concentration of 100 m g / m 3\ (iii) with a 10 cm layer of old snow 
find (iv) with a 10 cm of new snow. The lower panel shows the corresponding decrease of PAR relative 
to the “clear” case .
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Incident PAR on Surface Relative Increase to Normal
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F igure 4 .6  Similar to Figure 4.4, but showing the ozone effect under clear skies. The total column 
ozone abundance of 350 DU is taken as normal. The increases of toted PAR relative to normed vedues 
are shown in the right figures for a ozone depletion scenario of 175 DU (50% less them normal) .
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(a).  Clear sky
Ice Thickness (m )
(b).  Cloudy sky
Ice Thickness (m )
F igu re 4 .7  Total downwelling PAR entering the ocean as a function of ice thickness for various solar 
elevations .
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thickness for different solar elevations under a clear sky and a cloudy sky respec­
tively. Obviously, ice thickness has a significant effect on the light transmission into 
the ocean, especially when the ice is thin. Higher solar elevations enhance this ice 
thickness dependence. Not only do clouds drastically reduce the PAR entering the 
ocean, but they also reduce the sensitivity of the variation of the under-ice PAR 
to the ice thickness. This is due to the relative increase in the diffuse irradiance 
(as compared to the direct component) for cloudy conditions.
4.2 Com parison W ith M easurem ents
Using the coupled radiative transfer model, we have simulated a set of irradiance 
field measurements taken in an Antarctic ice floe [Quakenbush, 1994], which had 
a thickness of 1.24 m. The irrradiance measurements in the ice were taken at 
depths of 20, 40, 60, 80, 100, and 120 cm. Sky irradiances were also measured 
simultaneously to monitor changes in the light source with time and thereby allow 
for calculation of extinction values. The solid lines in Figure 4.9 represent the 
measured irradiance at different depths of the ice normalized by the irradiance at 
the depth of 20 cm. The dotted lines are the modeled results. We use these nor­
malized values for comparison with modeling because (i) the measured data  have 
not been calibrated to the irradiance, so they only represent relative magnitudes; 
and (ii) the distribution of the incident light on the ice surface has little effect on 
these normalized values, because the radiation below a depth of 20 cm in the ice 
could be considered as diffusive. Therefore, we can assume a diffuse incident light 
field on the ice surface of arbitrary magnitude to model these normalized values 
and extinction coefficients. The salinity and tem perature profiles utilized in the 
model for input are shown in Figure 4.8 and are based on in-situ measurements.
The absorption peaks at 670 and 430 nm in the measured spectral irradiances
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Salinity (per m il)
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Tem perature (°C)
Figure 4 .8  Measured profiles of salinity and temperature in the ice floe. This ice sheet has a thickness 
of 124 cm.
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Figure 4 .9  Comparison of measured spectral irradiances at various depths (normalized to values at a 
depth of 20 cm) with model calculations.
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Figure 4.10 Comparison of measured extinction cofficients for various ice layers with model calculations.
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indicate th a t algae exists in the ice. Unfortunately, measurements of the algae con­
centration were not made. Therefore we have assumed a chlorophyll concentration 
of 10 m g/m 3 in the upper 80 cm of the ice and of 40 m g/m 3 in the bottom  40 cm of 
the ice. The extinction values for different layers from measurement and modeling 
are shown in Figure 4.10. The dashed line represents the extinction in clear ice (no 
algae included). Results show that if the algae is ignored, good agreement can be 
achieved only at wavelengths larger than 700 nm, where algae absorption is small. 
To obtain better agreement, algae absorption has to be taken into account. The 
differences between the measurement and the modeling in the short wavelengths 
in the deeper layers (depth >  80 cm) show that there is absorption by m aterial 
other than ice algae which we have not taken into account. These m aterial might 
be detritus and mineral-like particulates, which have higher absorption at short 
wavelengths and lower absorption at red wavelengths.
4.3 Sum m ary
The transport of the photosynthetically active radiation in the atmosphere, snow, 
ice and ocean column has been studied by the radiative transfer model developed 
for the coupled atmosphere, ice and ocean system. The modeling results show that 
clouds, snow and ice algae all have significant effects on the transport of light in the 
sea ice and ocean. A 10 cm layer of new snow is sufficient to cause a 90% reduction 
in the total PAR available to the marine biological communities under the ice. The 
occurrence of ice algae also drastically changes the spectral distribution of light 
transm itted through the ice. Although it is acting as the m ain absorptive gas in 
the spectral region of PAR, ozone in the atmosphere has a negligible effect on the 
light available to the biosphere under the ice when compared with the effects of 
clouds, snow and algae. A 50% ozone depletion would increase the to tal PAR
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by less than 4% at any level in the ice and ocean. The total PAR transm itted 
through the ice is sensitive to ice thickness, especially when the ice is thin and the 
solar elevation is high. Clouds not only reduce the PAR amount in the ocean, but 
also reduce the sensitivity of the available PAR under the ice to variations in ice 
thickness.
Model simulation of the measured irradiance and extinction in the ice shows 
good agreement at the red wavelengths. To obtain good agreement with observa­
tion at shorter wavelengths, especially in the PAR spectral region, the absorption 
by impurities in sea ice, such as ice algae and non-algae particulates, has to  be 
taken into account.
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C hapter 5
D iscu ssion  and C onclusion
To study the radiative transfer in the coupled atmosphere-sea ice-ocean system 
consistently, a comprehensive radiative transfer model for this coupled system has 
been theoretically formulated and numerically implemented. The first part of this 
thesis presented the theoretical work, which extends the discrete ordinate method 
to solve the radiative transfer equation pertinent to a coupled system consisting 
of s tra ta  with different refractive indices, such as the atmosphere-ocean system or 
the atmosphere-sea ice-ocean system. The refraction and total reflection at the 
interface of the two stra ta  have been taken into account by assigning different 
numbers of angular quadrature points (discrete ordinates or “stream s”) in each 
stratum . Self-consistency tests show that the solution conserves energy and is both 
reliable and efficient. The solution was applied to the atmosphere-ocean system 
and the results are compared with several similar radiative transfer models which 
solve the radiative transfer equation using different methodologies. A comparison 
of results shows good agreement and confirms that the solution for the coupled 
system developed here has correctly incorporated the mathematical representations 
of the relevant radiative processes (absorption and multiple scattering) and of the 
effects of the reflection and refraction at the air-water boundary.
113
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Future work on the theoretical aspects of the radiative transfer model for the 
coupled system include: (i) incorporating surface roughness, so th a t the model 
can simulate wind-generated waves on the ocean surface; (ii) extending the model 
to deal with changes in index of refraction between all layers, so th a t it becomes 
feasible to study radiative transfer within media in which the index of refraction 
changes continuously throughout the medium; (iii) including the com putation of 
the inelastic scattering effects to treat phenomena such as Raman scattering; and 
(iv) considering the effects of polarization.
In the second part of the thesis, the solution of the radiative transfer equa­
tion for non-uniformly refracting media has been applied in the atmosphere-sea 
ice-ocean system and used to study the solar energy balance and light transport 
in this coupled system. The multiple scattering and absorption by atmospheric 
molecules, clouds, snow and sea water, as well as the brine pockets and air bubbles 
trapped in sea ice, has been rigorously taken into account. The model considers 
the ice and ocean just as additional “atmospheric” layers with different optical 
properties. Therefore, the surface albedo can be calculated consistently from the 
calculated upward and downward fluxes at the surface. This coupling also provides 
a suitable method to investigate the radiative interactions between the atmosphere, 
clouds, snow, sea ice and ocean self-consistently, as well as to  identify the most 
im portant physical param eters affecting radiative transfer processes in the whole 
system. Modeling results have shown different sensitivity to and dependence of 
the partitioning of solar energy in the coupled system on those param eters, such 
as salinity and density of the ice, the microphysics and height of clouds, as well as 
snow conditions. Some im portant findings from modeling are listed as following:
• Most of the radiative energy absorbed by sea ice occurs in a very thin top 
layer of the ice. Under clear sky conditions, only 10 cm of the top layer of 
ice can absorb more than 50% of the total solar radiation deposited in the
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entire system.
• In sea ice it is the scattering by inclusions, especially the air bubbles, in a few 
centimeters of the uppermost layer that plays a vital role to the solar energy 
absorption and partitioning in the whole system. Enhanced scattering in this 
top layer will not only increase backscattering to the atmosphere, but it also 
increases the fraction absorbed in this top ice layer itself and decreases the 
radiation penetrating to the deeper layers of the ice and into the ocean.
• Because air bubbles scatter light much more efficiently than brine pockets, 
the radiative absorption is more sensitive to air volume variations than to 
brine volume variations.
•  Increasing the ice thickness would result in not only an increase of solar 
absorption in the ice and a corresponding decrease in the ocean, but also 
a decrease of the absorption in the entire system. On the other hand, the 
absorption in the atmosphere is not sensitive to the ice thickness. However, 
the total absorption in the entire system remains almost constant once the 
ice thickness exceeds about 70 cm.
•  Both clouds and snow reduce the solar energy absorption in the ice and in 
the ocean, as well as in the entire atmosphere-sea ice-ocean system.
•  The absorption of solar radiation in sea ice shows a greater sensitivity to the 
cloud microphysics than the absorption in the atmosphere and in the ocean. 
The absorption in the entire system will increase as the equivalent radius of 
cloud droplets increases and decrease as the liquid water content increases.
•  Different from the case in atmosphere, the absorption in sea ice and ocean is 
not sensitive to cloud height.
•  Clouds not only change the energy disposition in the system, they also reduce 
the sensitivity of the energy disposition in each layer to the ice and snow
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thickness change. However, they increase the sensitivity of the surface albedo 
to the ice or snow thickness variation.
• Surface albedo is determined by approximately 10 cm of the uppermost layer 
of snow for a snow covered surface and by about 50 cm of the uppermost 
layer of ice for a bare ice surface.
• Generally, increasing cloud thickness will increase the surface albedo, unless 
the solar elevation is low and the cloud is thin. Of all the possible cases, the 
combination of new snow and thick clouds yields the highest surface albedo.
•  Compared with the effects of clouds, snow and algae, the effect of ozone 
in the atmosphere on the light available to the biosphere under the ice is 
negligible.
•  The occurrence of ice algae has significant effects on the light transport in sea 
ice and ocean and on the spectral distribution of light transm itted through 
the ice.
The im portance of sea ice properties to the solar energy absorption in the 
ice and to  the energy distribution in the overall system is clearly demonstrated. 
However, existing observational data on ice properties is not adequate for accurate 
modeling; for example, the volume fraction of air bubbles and brine pockets as 
well as their size distribution in various ice types under a variety of conditions 
is not well known. Therefore, the present treatm ent of the profile properties of 
the different thicknesses and ages of sea ice is crude and, in addition, a linear 
tem perature profile for all ice thicknesses has been assumed. It is im portant that 
improved parameterizations of sea ice property profiles for different ice types be 
developed in the future in order to make better predictions of radiative energy 
deposition.
Observations in the Arctic have shown that significant ice crystal nucleation 
occurs in the atmosphere at temperatures as high as -15° to -20° C [Curry, 1990].
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Therefore, the parameterization of ice cloud properties should be included in future 
models. To be more realistic, property profiles for the Arctic atmosphere, such as 
tem perature and humidity, have to be compiled based on available data  sets from 
stations in the Arctic region.
The coupling that we have considered is purely radiative and does not allow 
the radiation to alter the snow/ice/cloud properties resulting in changes which 
could then affect subsequent radiative transfer. To investigate interactions and 
feedbacks in the polar environment, the present radiative transfer model should 
be coupled to models treating the evolution of ice, snow, and clouds. An initial 
step in accomplishing this requires that the computational efficiency of the present 
model be improved, so that it can be coupled to long-term models which consider 
property profile changes and radiative flux balances over longer time scales.
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A p p en d ix  A
D erivation  o f  th e  R eflectan ce  
and th e  T ransm ittance for th e  
Invariant In ten sity  (//n 2) at th e  
In terface o f tw o M edia  w ith  
D ifferent Indices o f  R efraction
W hen a lightwave encounters the interface of two media with different indices of 
refraction, specular reflection and refraction occur. The Fresnel equations reveal 
the am plitude relationship between the incident, the reflected and the refracted 
waves with plane polarization. Based on the basic Fresnel equations, the reflectance 
and transm ittance of the irradiance for a parallel beam of a plane polarized wave 
can be derived as [Hecht, 1990]
R± =  r \  (A .la)
# || =  rjj (A .lb)
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nt cos9t \  2
Tx =   i  t l  (A .lc)\rii cos
> * ■ »
where r denotes the am plitude reflection coefficient, and t is the amplitude trans­
mission coefficient. The subscript ‘y’ represents the decomposed component par­
allel to the plane of incidence, and ‘j_’ denotes the component perpendicular to it. 
9{ and 9t are the angles of incidence and transm ittance respectively, and rct- and n t 
denote the indices of refraction for the two media.
If we define an azimuthal angle <p as the angle between the plane of vibration 
and the plane of incidence, then for a parallel beam or plane wave of incident 
natural light which is unpolarized, the reflectance and the transm ittance should 
be obtained by averaging the results pertaining to polarized light over the 2 tx 
azim uthal angle,
R  =  —  R\\ cos2 4>d(j> + —  R± sin2 4>d4>
27r Jo 2tt J o
= ^(R\\ + R x)  (A.2a)
Similarly, the transm ittance for natural light can be expressed as
T  =  jffl l  +  Tl ) (A.2b)
Substituting equations (A .la)-(A .ld) into equations (A.2a) and (A.2b), and mak­
ing use of the expression for the amplitude coefficients rj_, t±_ and iy, we may 
rewrite R  and T  as
1. |  /  m  -  nfit \ 2 I  (it ~  nfii (A.2c)
T  =  { | —  ----- )  + ( — i  ) (A.2d)
l \Hi  +  n(j,tJ Xfit +  nHi.
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F igu re A . l  Reflection and refraction of a cone of light at the interface of two media with different 
refractive indices..
Here we have used Snell’s law, n = n t/ n i  =  sin 6 , /sin 0t, and denoted //,• =  cos 6{ 
and fit =  cos $<•
In order to derive the reflectance and transm ittance for the intensity (radiance), 
we consider a cone of incident lightwaves instead of a parallel beam. As illustrated 
in Figure A .l, /,-, Ir and I t are the incident, reflected and transm itted intensities 
respectively. A cone of incident light within an infinitesimal solid angle dfl,- will 
shrink or expand (depending on the value of the relative index of refraction of the 
two media) to the solid angle dClt after passing the interface, and their relationship
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can be derived by making use of Snell’s law,
d£lt _  2tt sin 0td6t 
dfli 2n sin OidOi
= - T ~  (A.3)n2nt
Applying the definition of R  and T  for the irradiance to the configuration 
depicted in Figure A .l and making use of equation (A.3), we find that
Equations (A.4a) and (A.4b) show that if we define the transm ittance and re­
flectance with respect to the invariant intensity, I / n 2bs (n abs is the absolute index 
of refraction at the location where I  is measured), instead of the actual intensity, 
then the expressions for the reflectance and transm ittance will have the same forms 
as for the parallel light beam. Such a definition has the additional advantage of 
satisfying reciprocity for the lightwave propagating in the opposite direction and 
also satisfying the complementarity of the reflectance and transm ittance. If we 
denote the reflectance and transm ittance specified by equations (A.2c) and (A.2d) 
by R (—fj,i,nt/r ii) and T (—fJ,i,nt/n i ) for downwelling incidence, and by R(fj,t ,n i /n t ) 
and T(fj,t,rii/n t ) for upwelling incidence, then the reciprocity relationship can be 
expressed as
R (fj.t,n i/n t) =  R (—/j,i,nt/ni) (A.5a)
rii/n t) =  T ( - m ,  n t/rii). (A.5b)
Also, it is easy to show the complementarity of the reflectance and the transm it­
tance
R + T  = 1.0. (A.6)
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A p p en d ix  B
S tru ctu re  o f th e  C oefficient 
M atrix
The coefficient m atrix  for Equation (2.17) constitutes a diagonal band m atrix, 
which has numerous elements that are zero in the upper-right and lower-left cor­
ners. W hen the number of layers or streams is large, so will the number of elements 
that are zero. This feature can be used to obtain an efficient solution of the ma­
trix  equation. Linear equation solvers exist, such as LINPAK, tha t are specifically 
designed to treat banded matrices. However, the band width or the number of 
“zero-element” diagonals in the upper-right and lower-left corners of the m atrix 
have to be specified. In the usual case in which there is no change in index of 
refraction across layer interfaces, so that the number of streams in each layer is the 
same, the band width is simply 6N  — 1 (2N  is the number of streams) [Stamnes 
and Conklin, 1984] and the number of diagonals containing only zero elements 
below and above the main diagonal is the same. This symm etry in structure is 
a consequence of using the same number of streams in every layer which is the
122
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obvious choice for a medium with constant index of refraction. However, for the 
atmosphere-ocean system, additional streams are required to deal with the region 
of total reflection in the ocean resulting from the change in the refractive index 
across the atmosphere-ocean interface. In this case, we need to determine the re­
lationship between the number of “zero-element” diagonals in the upper-right as 
well as lower-left corners and the number of layers and streams in the atmosphere 
(Li, N i) and ocean (L2 , N 2). Let’s show some examples first:
1. For a  two-layer system (1 layer of atmosphere and 1 layer of ocean) with 
4 streams in the atmosphere and 6 streams in the ocean (Li =  1, L2 =  1, 
N\ = 2, N 2 = 3), the coefficient m atrix will have the form
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•# # # # 0 0 0 0 0 0 ■
# # # # 0 0 0 0 0 0
# # # # # # # # # #
# # # # # # # # # #
# # # # # # # # # #
# # # # # # # # # #
0 0 0 0 # # # # # #
0 0 0 0 # # # # # #
0 0 0 0 # # # # # #
. 0 0 0 0 # # # # #
where the label #  represents any non-zero element in the m atrix. This 
m atrix has 4 “zero-element” diagonals in the lower-left corner, but only 2 
“zero-element” diagonals in the upper-right corner. Obviously, the number
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of “zero-element” diagonals above and below the main diagonal is not the 
same.
2. If we use three atmospheric layers (L\ = 3 )  with 2 streams (A^ =  1) and one 
ocean layer (L 2 =  1) with 6 streams (N 2 =  3), the coefficient m atrix becomes
# 0 0 0 0 0 0 0 0 0 0
# # # # 0 0 0 0 0 0 0 0
# # # # 0 0 0 0 0 0 0 0
0 0 # # # # 0 0 0 0 0 0
0 0 # # # # 0 0 0 0 0 0
0 0 0 0 # # # # # # # #
0 0 0 0 # # # # # # # #
0 0 0 0 0 0 # # # # # #
0 0 0 0 0 0 # # # # # #
0 0 0 0 0 0 # # # # # #
0 0 0 0 0 0 # # # # # #
0 0 0 0 0 0 # # # # # #.
This m atrix  has 5 “zero-element” diagonals in the upper-right corner and 6 
“zero-element” diagonals in the lower-left corner.
3. For two atmospheric layers (Li = 2) with two streams (Ni =  1), and two 
ocean layers (L 2 =  2) with four streams (N 2 = 2), the coefficient m atrix 
becomes
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'# # 0 0 0 0 0 0 0 0 0 0
# # # # 0 0 0 0 0 0 0 0
# # # # 0 0 0 0 0 0 0 0
0 0 # # # # # # 0 0 0 0
0 0 # # # # # # 0 0 0 0
0 0 0 0 # # # # 0 0 0 0
0 0 0 0 # # # # # # # #
0 0 0 0 # # # # # # # #
0 0 0 0 # # # # # # # #
0 0 0 0 # # # # # # # #
0 0 0 0 0 0 0 0 # # # #
.0 0 0 0 0 0 0 0 # # #
ic has six “zero-element” diagonals in the upper-ri
six “zero-element” diagonals in the lower-left corner.
It is, of course, impractical to count these numbers every time. Fortunately, 
general relations exist between the number of “zero-element” diagonals and the 
numbers of streams and layers as follows:
ng =  (2L\ — l)N \  +  (2L2 -  2)N2, L2 = 1 (B .la)
n l0 = M IN [ (2 h  -  3)Nr + 2L2N2, 2LrNr +  (2L 2 -  2)N2],
L2 = 1 (B .lb)
=  n‘Q = 2N 1L 1 + {2L2 - 3 ) N 2, L2 > 1. (B .lc)
Here n„ represents the number of “zero-element” diagonals in the upper-right 
corner and n l0 represents the number of the “zero-element” diagonals in the lower-
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
left corner. The number of diagonals, containing one or more non-zero elements, 
above the main diagonal (n“) and below the main diagonal (nl) are
n u = 2N2 + N 1 - 1 ,  L 2 = 1 (B.2a)
n l =  M A X [3N x -  1, 2iV2 — 1)], L2 = 1 (B.2b)
nu = n l = 3N2 -  1, L 2 > 1. (B.2c)
These formulas show th a t the size of the “zero-element” upper-right and lower-left 
triangles is proportional to the number of layers as well as the number of streams. 
If we use, say, 10 layers and 8 streams in the atmosphere (L\ =  10, N \ =  4) and 
10 layers and 12 streams in ocean (L2 =  10, N 2 =  6), the total num ber of “zero- 
elem ent” diagonals in both the upper-right triangle and in the lower-left triangle 
will be 2 x 182 =  364, whereas the total number of diagonals with at least one 
non-zero element in each is only 35.
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